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SECTION  I 


INTRODUCTION 


The  application  of  a  pulsed  Nd  laser  for  surveillance  and  ranging,  target 
illumination  and  designation,  and  weapons  guidance  generally  requires  a  system 
with  the  following  characteristics; 

•  High  output  power  in  Q-switched  mode  of  operation 

•  High  energy  per  pulse 

•  Fast  repetition  rate 

^  High  average  power 

•  High  efficiency. 

In  addition,  the  laser  should  have  physical  characteristics  consistent  with  the 
requirements  for  deployment  in  a  military  ordnance  system.  All  known  laser  host 
materials  have  shortcomings  with  respect  to  one  or  more  of  these  specifications. 

The  two  most  commonly  used  solid  hosts  for  Nd  are  glass  and  YA£G.  Glass, 
because  of  its  poor  thermal  conductivity,  is  severely  limited  in  average  power 
and  pulse  repetition  rate.  Furthermore,  the  efficiency  that  can  be  achieved  is 
not  competitive  with  that  of  YA£G. 

The  limitation  on  YA£G:Nd  for  pulsed  laser  systems  application  is  its  re¬ 
latively  high  gain,  resulting  in  saturation  of  the  energy  attainable  in  a  Q- 
switched  pulse  due  to  the  occurrence  of  amplified  spontaneous  emission  at  pump 
levels  high  above  threshold.  For  the  1/4  inch  x  3  inch  laser  rod  typical  of  a 
YA£G:Nd  Q-switched  oscillator  system,  energies  of  200  to  250  millijoules  are 
typical  of  the  upper  limit  that  is  observed.  An  energy  capability  of  1  joule 
per  pilse  (at  repetition  rates  of  at  least  10  pulses/sec)  is  a  desirable  goal 
in  terms  of  the  requirements  of  future  military  systems. 


A  number  of  approaches  have  been  considered  as  solutions  to  this  problem. 

An  obvious  possibility  is  the  developmen;  of  a  laser  material  other  than  YAtG:Nd 
which  has  a  lower  laser  transition  cross  section.  This  parameter  is  determined 
by  the  odd  crystal  field,  which  mixes  in  opposite-parity  configurations  to  the 
4fn  configurations,  permitting  parity- forbidden  electric-dipole  transitions  to 
occur  within  the  4fn  configuration.  Thus,  the  absorption  strengths  of  the  pump 
bands,  and  therefore  the  efficiency,  will  generally  be  reduced  along  with  the 
laser  transition  cross  section  in  these  lower  gain  materials.  Furthermore, 
unless  the  excellent  physical  characteristics  of  YAtG  are  maintained  in  the  new 
material,  it  will  not  maintain  its  competitiveness,  in  spite  of  the  increased 
Q-switch  energy. 

To  answer  this  need,  Texas  Instruments  has  developed  the  concept  of  mixed 
crystal  laser  materials,  particularly  YAt  Ga  G:Nd.  Since  YAtG  and  YGaJ  are 

X  1  "  X 

isostructural ,  it  is  possible  to  grow  YAt  Ga  G  with  0  £  x  s  1.  The  crystal 

fields  for  the  two  compounds  are  sufficiently  different,  however,  to  yield  a 

substantial  difference  in  the  Nd  spectra.  This  situation  is  in  contrast  to  the 

3  + 

case  of  rare  earth  substitution  for  Y  ions,  where  the  crystal  field  does  not 
change  substantially.  There  is  only  a  slight  difference,  for  example,  between 
the  crystal  fields  of  YAtG  and  LuAtG. 

4  4 

The  F 2/2  to  In/2  transitions  of  Nd  are  shown  in  Figure  1  for  both  YAtG 
and  YGaG.  The  mixed  crystal  will  have  a  distribution  of  Nd  sites  ranging  from 
sites  surrounded  by  all  At  ions  to  all  Ga  ions  on  the  ’0  nearest-neighbor  sites. 
Therefore,  the  crystal  field  varies  from  site  to  site,  and  there  is  a  range  of 
wavelengths  for  the  resulting  spectral  line.  For  a  random  distribution  of  Ga 
ions  on  At  sites,  this  line  will  be  a  weighted  Gaussian  superposition  of  the 
lorentzian  components  at  each  crystal  field.  Other  distributions  o;  Ga  ions 
would  result  in  somewhat  different  lineshapes;  for  example,  a  distribution  in 
which  the  At  and  the  Ga  ions  tend  to  cluster  separately  would  result  in  a  more 
rectangular  lineshape.  These  possible  behaviors  are  illustrated  schematically 
in  Figure  2. 
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Figure  2  Schematic  Illustration  of  Inhomogeneous  Broadening  Mechanism 
in  YA£  Gaj  G:Nd.  (a)  Broadening  for  random  distribution  of 
crystal  fields,  (b)  broadening  for  probability  distribution 
peaking  at  Ax,-rich  and  Ga-rich  sites. 


The  integrated  area  under  the  spectral  line  is  constant,  since  the  radiative 
rate  is  a  higher  order  effect  of  the  crystal  field  (i.e.,  the  mixing  of  opposite- 
parity  configurations  via  the  odd  crystal  field)  and  will  not  be  changed  sub¬ 
stantially.  Therefore,  the  gain  is  reduced  by  approximately  the  factor  by  which 
the  line  is  broadened.  This  is  strictly  true  only  if  the  lin'^hape  is  the  same. 
The  gain  reduction  is  even  greater  for  the  cases  discussed  above,  particularly 
for  the  rectang 1 e- 1 i ke  lineshape  in  the  clustered  ion  case. 

It  is  this  phenomenon  which  results  in  the  broad  spectrum  of  Nd  (and  other 
rare-earth  ions)  in  glass.  The  distribution  in  an  amorphous  solid  might  be 
expected  to  be  far  wider  than  it  is,  but  it  has  been  recently  demonstrated  by 
Mann  and  DeShazer^  through  a  detailed  analysis  of  the  composite  lineshape  in 
Nd:glass  that  the  basic  environment  is  a  complex,  and  the  distribution 

is  in  the  outer  environment  surrounding  the  Nd,0  group.  Therefore,  1 inewidths 

3+  L  *  -1 

of  Nd  laser  transitions  in  glasses  are  only  of  the  order  of  100  cm  . 

Returning  to  the  case  of  the  mixed  crystal  YA-l  Ga  G,  the  result  is  a 
theoretical  reduction  in  the  gain  of  the  laser  transition  by  as  much  as  a  frctor 
of  six  and,  consequently,  a  sixfold  increase  in  the  energy  storage.  Furthermore, 
this  improvement  in  energy  per  pulse  is  achieved  while  maintaining  the  other 
attractive  properties  of  YA£G,  specifically,  the  efficiency. 

In  particular,  for  10%  Ga  doping,  theory  predicts  a  factor  of  1.5  lower  gain 

for  50%  Ga  doping  we  would  expect  to  obtain  a  factor  of  six  lower  gain.  The 

anticipated  laser  cross  sections  (gain)  for  various  Ga  dopings  are  listed  in 

2  3  4 

Table  I,  with  those  for  YAtG,  glass,  and  Y/VtO^  included  for  comparision.  The 
energy  storage  of  YA£0^  over  YA£G  is  only  a  factor  of  two  (rather  than  the  2.5 
factor  of  difference  in  the  cross  sections)  because  the  amplified  spontaneous 
emission  probably  does  not  occur  in  the  (axial)  low-gain  direction. 
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Table  I 


Laser  Cros:  Sections  for  Nd  Hosts 


Material  Cross  Section 


YMG 

6  x 

10'19  cm 

Glass 

0.3 

x  10-19 

YAtfi^  (low-gain  direction) 

2.5 

x  ,<f19 

VAt0.9Ga0.lG 

4  x 

10'19  cm' 

VAt0.7Ga0.3G 

2  x 

10"19  cm' 

VM0.5Ga0.5G 

1  X 

10"19  cm' 

6 


Taking  the  conservative  estimate  of  a  maximum  energy  per  pulse  of  200  to 
250  mj  for  a  conventional  YM.G : Nd  laser  rod  1/4  inch  x  3  inch,  theory  projects 
an  achievement  of  at  least  1  Joule  per  pulse  with  YM  Ga  G  for  a  rod  °f  the 
same  size.  This  is  approximately  the  range  of  pulse  energy  required  by  future 
system  applications. 

The  mixed  crystal  material  theoretically  has  an  efficiency  competitive  with 
that  of  conventional  YAtG:Nd.  The  broadening  of  the  laser  transition  will  not 
affect  the  efficiency  in  pulsed  operation,  and  the  factor  of  two  change  in  the 
branching  ratio  will  affect  the  efficiency  only  slightly.  The  weak  component 
of  the  1.0641  line  in  YMG,  which  is  shifted  40  cm  ^  ir  YAtg  <-Gag  j-G  and  which 
takes  up  most  of  the  factor  of  two  change  in  intensity  (see  Figure  1),  still 
contributes  to  the  laser  output  in  the  mixed  material  in  pulsed  operation. 


Furthermore,  there  is  an  additional  contribution  to  the  efficiency  due  to 
the  broadening  of  the  pump  bands  resulting  from  the  same  mechanism.  Absorption 
spectra  measurements  of  both  YA£G: Nd  and  YGaG : Nd  have  shown  the  broadening  in 
mixed  crystals  is,  on  the  average,  of  the  same  magnitude  as  in  the  laser  tran¬ 
sition.  Since  the  absorptions  are  nearly  optically  thick,  the  broadening  re¬ 
sults  in  increased  overlap  with  the  pump  source  without  a  proportional  loss  in 
absorption  strength.  This  can  be  demonstrated  in  a  simple  way.  For  1.5%  Nd  in 
YA£G,  the  average  absorption  coefficient  is  about  5  cm  .  The  resultant  frac¬ 
tional  power  absorbed  at  the  peak  of  the  line  in  a  1/4  inch  rou  through  a  diameter 
is  given  by 


P 


abs 


e(0.6)  (5)  3.  95o/o> 


(1) 
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A  broadening  of  the  line  by  a  factor  of  three  will  result  in  a  decrease  in  the 
absorption  coefficient  by  a  factor  of  three.  The  power  absorbed  now  is 


P 


abs 


e(0, 6)(1.7) 


as  65%. 


(2) 


But  the  line  is  now  three  times  broader,  so  the  total  integrated  power  absorbed 
relative  to  YA£G  is 


(P  hs) 

YM0.5Ga0.5G 
b  YAtG 


3(0.65)  .  . 
0.95  “ 


(3) 


Thus,  there  is  twice  as  much  absorption  as  in  YA^G.  This  has  the  effect  of 
compensating  for  the  decreased  branching  ratio  and  may  even  result  in  increasing 
the  efficiency  relative  to  YA6G. 

An  additional  projected  feature  of  the  mixed  garnet  was  the  probability  that 
increased  amounts  of  Nd  may  be  incorporated  without  the  accompanying  optical  deg¬ 
radation  and  concentration  quenching  to  the  extent  that  is  observed  in  YA£G:Nd. 
The  decrease  in  optical  degradation  would  result  from  the  increased  distribution 
coefficient  for  Nd  in  the  mixed  crystal,  due  to  the  increased  unit  cell  size. 

The  decrease  in  concentration  quenching  would  result  from  the  increased  inhomo¬ 
geneous  broadening  and  the  corresponding  decrease  in  spectral  overlap  for  ions 
in  different  sites.  This  will  be  true  if  .esonant  energy  transfer  is  involved 
in  the  observed  concentration  quenching.  That  this  may  be  true  is  indicated  by 
the  fact  that  other  Nd  laser  materials  for  which  inhomogeneous  broadening  is 
dominant,  such  as  glass,  show  a  retarded  onset  of  concentration  quenching  as 
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the  neodymium  concentration  is  raised.  In  conclusion,  theory  projects  efficiencies 
for  the  new  material  in  pulsed  operation  of  at  least  1  to  2%  overall,  which  is  the 
same  as  that  observed  in  conventional  YA6G. 

Spectroscopic  examination  of  material  grown  in  this  program  has  confirmed 
these  expectations,  as  described  in  Section  II. 

Since  YAtG  and  YGaG  are  both  isost ructural  and  congruently  melting,  it  is 
possible  to  grow  mixed  crystals  of  YA-t^G a  _ ^G ,  where  0  5  x  5  1.  On  the  other 
hand,  since  the  ionic  radius  of  l\l^+  is  0.51  A,  while  that  of  Ga^  +  is  0.62,  one 
would  expect  serious  problems  in  growing  large,  laser-quality  mixed  crystals. 
Furthermore,  a  significant  vapor  pressure  difficulty  had  been  reported  for  YGaG, 
resulting  in  Ga  loss  from  the  melt,  a  problem  to  be  anticipated  for  the  mixed 
crystals  system  as  well.  These  anticipated  difficulties  have  been  borne  out  by 
the  experiments  detailed  in  Section  IV. 
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SECTION  II 


OPTICAL  SPtCTROSCOPY 


The  main  goal  of  the  optical  spectroscopic  study  was  to  determine  the  mixed 
crystal  composition  at  which  maximum  cross  section  reduction  of  the  most  intense 
line  occurs,  and  to  measure  the  cross  section  at  this  optimum  composition. 

Figure  3  shows  the  relevant  energy  levels  of  Nd^+  in  YAG  and  in  YGG.  The 
positions  of  these  levels  were  determined  by  absorption  and  luminescence  measure¬ 
ments  at  room  temperature.  They  differ  only  slightly  from  the  positions  measured 
at  low  temperatures.^  As  can  be  seen  from  emission  spectra  shown  in  Figure  4, 

for  both  crystals  the  b  -  3  transition  is  the  strongest  of  the  twelve  ^F  ,  _ 

4  .  .  ...  3/* 

*11/2  * rans  1 1 ions •  For  YAGf  this  line  is  not  resolved  from  the  weaker  a  -♦  2  line; 

in  YGG  the  two  lines  are  well  separated;  in  the  mixed  crystal,  Y^ (A£q  6lGaQ  012, 

the  lines  are  partially  unresolved  due  to  the  inhomogeneous  broadening.  These 

emission  spectra  were  observed  using  broad-band  excitation,  primarily  into  the 

F3/2  to  levels,  with  the  crystal  at  room  temperature.  Since  in  our 

spectroscopic  samples  the  Nd^+  concentration  is  less  than  1%,  the  principal 

decay  route  is  radiative  decay  from  the  4F3/2  level  following  nonradiative 

transitions  to  this  leve1  from  higher-lying  levels. 

The  peak  cross  section  am  and  the  branching  ratios  are  defined  in  the  fol¬ 
lowing  manner:  The  populations  of  the  two  components  a  and  b  of  ^2/2  are  *n 
thermal  equilibrium,  the  rapid  a  **  b  phonon-induced  transitions  determining  the 
homogeneous  contribution  to  the  widths  of  the  levels.  The  ratio  of  the  level 
populations  is  then 


Nb/Na  -  exp  [-(Eb  -  Ea)/kT]  -  7)  . 


1.050 


Figure 
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Room-Temperature  Emission  Spectrum  Near  1 . 06  p, m  for 

Y3/Vt'5°1 2'  Y2  ■Ai0.6lGa0.39^°12'  and  V3Ga5°12'  The 
transitions  are  marked  xn  accordance  with  the  notation 

of  Figure  3. 
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Ng  and  decay  radiatively  with  time  constant  t.  If  A.j  is  the  spontaneous 
radiative  emission  rate  per  atom  from  level  i  to  level  j,  then 


t"1  =-  (1  +Tlf 1  L.  (Aaj  +  TjAbJ ) 


The  sum  is  over  all  the  crystal  field  components  of  the  lower  multiplets 

444  4  4 

1 1  ,-/2  1,3/2.  I , ,  /2  and  ig/,.  The  toal  radiative  decay  rate  of  F^/2  is 


Tt  ("a  +  "„>  *  -NaSj  (Aaj  +HAbj). 


The  rate  into  the  a  k  transition  is  -N^A^.  The  branching  ratio  Pgk  is  defined 
as  the  number  of  photons  emitted  per  unit  time  in  the  a  _  k  transition  divided  by 
the  tota'  number  per  unit  time  emitted  from  a  and  b,  and  is  thus  given  by 


^ak  *  Aak  [Sj  <Aaj  +1^Abj^‘  ‘ 


Similarly,  p,,  nay  be  expressed  as 


<A,j  +1iAbj»‘  • 


We  assume  witn  Kus  lida,  et  al.,  that  the  transitions  are  completely  radiative. 
The  spontaneous  radiative  emission  rate  is  related  to  the  emission  cross  section 
CT.j(v)  by 


8rrn  \  7  ?  f  a.,(.)dv. 


(9) 


where  X.j  is  the  vacuum  wavelength  of  the  narrow  emission  line  i  -»  j ,  and  n  is 
the  index  of  refraction  oF  the  crystal  at  the  wavelength  Xj..  For  Lorentzian 
or  Gaussian  line  shapes  th<s  integral  of  a  ir  given  in  terms  of  the  width  of  the 
line  at  naif-maximum  A  u  and  the  peak  cross  section  a  by 


m 


or 


a..(v)dv  =  ipT(Av)  .  .  (a  )..  (Lorentzian) 


£(n/1n2)  1,/2(av)  .  .  (om)  jj  (Gaussian) . 


(10) 


For  a  line  of  arbitrary  shape  we  shall  define  a  lineshape  parameter  y  by  the 
relation, 


.  °ij<v)dv  ■ 


(11) 


Two  methods  were  used  to  measure  a  .  In  the  first  method  (a  )„.  is  measured 

m  '  m  Oj 

in  an  absorption  experiment.  0  is  the  lowest  member  of  the  ground  multiplet 

4  ...  - 1 

*9/2  an<*  J  *s  e^her  a  or  b.  (CTm)gj  a  Ng  where  is  the  number  of 


Oj 


CTjq  because 


ions  in  state  0  p^r  cm  ,  and  a  is  the  absorption  coefficient, 
the  degeneracy  of  each  level  is  2.  Then,  by  comparing  the  peak  luminescence 
intensity  of  the  j  -  0  transition  with  that  of  the  j  -♦  k  transition  of  interest, 
one  determines  (a^)^.  This  method  depends  on  an  accurate  measurement  of  the 
Nd  concentration,  from  which  Nq  is  obtained.  Because  the  concentration  measure¬ 
ment  was  found  to  have  rather  large  uncertainty,  this  method  was  less  accurate 
than  the  second  method  described  below,  and  all  reported  results  were  obtained 
by  the  second  method.  However,  the  results  by  the  first  method  were  in  agree¬ 
ment  with  the  second  method. 


14 


The  second  method  involves  measurement  of  3  and  t,  which  are  related, 
according  to  Equations  (5),  (7) ,  and  (8)  by 


H.j  ■  (' 

f!bj  =  TIM  +  n)  _1TAbj  . 


When  B..  and  T  are  known,  A..  can  be  obtainea  front  Equation  (9).  From  Equations 

1J  ij  , 

(9)  and  (11),  (o  )  .  .  can  then  be  calculated.  At  room  temperature  in  Y^At^O^ 
and  in  many  of  the  mixed  crystals  the  a  -*  2  and  b  -»  3  laser  transitions  are  not 
resolved.  In  this  case  the  sum 


Ab3  +  1'''Aa2  ’  ('  + 


-1 


(13) 


is  obtained.  The  Deak  cross  section  of  the  composite  line  or"  is  meabured,  where 


y'  (Av)'V  *  Yb3(Av)b3^m)b3  +  T1  ,Ya2(Av)a2(am)a2- 


y"  and  (av}‘  are  measured  from  the  composite  line  shape. 

The  B..  were  obtained  from  tne  luminescence  spectrum  measured  with  a  spec- 
ij 

trometer  of  calibrated  response.  A  0.75_m  Spex  monochromator  with  1200  lines/ 
mm  grating  and  an  InAs  detector  cooled  to  77  K  were  used.  The  response  was 
calibrated  with  a  tungsten-halogen  standard  lamp.  It  was  assumed  that  62%  of 

the  quanta  emitted  from  F^2  were  emitted  int0  *he  F3/2  “*  I11/2  “* 

1,2, 3, 4, 5, 6)  transitions.  For  YAG,  the  4F3/2  -  In/2  branching  ratio  was 
found  by  Kushida,  Marcos,  and  Geusic^  to  be  0.60  ±10%  and  by  Watts  to  be 
0.65  ±15%.  This  ratio  should  be  insensitive  to  host  crystal.  The  energy  levels 
of  Nd^+  in  YAG  and  YGG  are  quite  similar,  as  can  be  seen  from  Figure  3. 
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4  4 

Thus  the  branching  ratio  F^2  “*  ^\\/2  *s  assurne<^  t0  be  independent  of  x  and 

taken  to  be  0.62  for  all  compositions  Y^A^^Gd^O^.  DeShazer  and  Komai® 
found  this  branching  ratio  to  be  0.60  in  barium  crown  glass,  a  very  different 
host.  Therefore,  only  the  12  lines  4F3/2a,b  -  kl} ]/2  1 , 2, 3,4, 5,6  were  measured. 

The  refractive  index  n  was  measured  by  the  method  of  minimum  ueviation  and 
found  to  be  1.815  for  YAG,  1.824  for  VALQ  ^ ^G,  and  1.915  for  YGG  at  1.06  p.m. 
For  other  compositions  a  linear  interpolation  was  used.  Table  II  displays  the 
measured  branching  ratios  and  peak  cross  sections  for  the  a  2  and  b  -  3  tran¬ 
sitions,  or  for  the  composite  line  when  these  are  not  resolved.  For  YAG,  although 
the  two  lines  are  completely  unresolved,  since  their  shapes  are  Lorentzian,  a 
decomposition  of  the  composite  line  was  possible  with  the  aid  of  a  computer.  From 
Table  II  it  can  be  seen  t ha t  although  and  vary  considerably  from  YAG  to 
YGG,  their  sum  is  constant.  decreases  by  a  factor  of  2  from  YAG  to  YGG, 

but  ^a2  remains  nearly  constant.  The  a  -  2  and  b  -  3  lines  are  nearly  com¬ 
pletely  resolved  for  YGG,  and  (cj^  »  c\  For  Y^A^^Ga^O^  with  x  =  0.94 
and  x  -  0.86,  these  transitions  are  rather  well  resolved;  only  the  cross  section 
of  the  most  intense  line  was  measured  in  these  cases.  For  the  compositions  near 
the  middle  of  the  range,  x  »  0.5,  it  is  not  obvious  which  value  of  T]  to  use.  The 
factor  7)  (1  +  Tj)  varies  from  2.2  for  YAG  to  2.5  for  YGG,  a  small  range  of  varia¬ 

tion.  For  x  <  0.5,  the  value  for  YAG  was  used,  and  for  x  >  0.5,  the  value  for 
YGG.  The  tabulated  values  of  am  are  considered  accurate  to  witnin  ±  15%  for 
x  =  0  and  x  =  1  and  ±20  -  25%  for  other  compositions.  The  measured  value  for 
YAG,  am  =  9.8  x  10  19  cm2  can  be  compared  with  8.8  x  10'19  cm2  ±10%,  measured  by 
Kushida,  Marcos,  and  Geusic.  These  are  the  same  within  experimental  accuracy. 

Nd  concentration  of  the  samples  was  in  the  range  0.1  -  0.5  at  .%. 

At  the  optimum  concentration,  a  reduction  in  <7^  by  a  factor  of  3.3  compared 
with  YAG  is  observed.  A  larger  reduction  would  have  been  observed  had  the  a  -  2, 
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Measured  Peak  Cross  Sections 


b  “*  3  separation  increased  more  rapidly  with  increasing  x.  As  x  increases 
from  zero  to  unity,  the  inhomogeneous  component  of  the  linewidth  initially  in¬ 
creases,  reaches  a  maximum,  and  then  decreases.  The  a  -  2,  b  3  separation 
increases  monotonical 1 y  with  increasing  x.  At  the  composition  of  maximum  broaden¬ 
ing,  the  overlap  of  the  a  2  and  b  -•  j  lines  is  still  so  great  that  the  most 

intense  peak  has  a  a  substantially  enhanced  by  this  overlap. 

m  '  r 


4  4 

It  was  found  that  by  exciting  the  "*  *11/2  '  uminescence  with  a  tunable 

dye  laser  at  2K  different  types  of  Nd^+  ions  could  be  selectively  excited.  (A 
type  is  characterized  b y  a  particular  Ga/At  near  environment.)  As  the  temperature 
is  raised,  spectral  diffusion  of  excitation  across  the  composite  line  becomes 
faster.  At  room  tempe  nture  this  process  is  much  faster  than  the  decay  of 
50  that  the  line  behaves  like  a  homogeneously  broadened  line.  It  is  not  known 
how  the  speed  of  spectral  diffusion  compares  with  the  time  required  for  the  de¬ 
velopment  of  Q-switched  output  (~  100  nsec) . 
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SECTION  III 


ELECTRON  PARAMAGNETIC  RESONANCE 


In  order  to  investigate  the  microscopic  nature  of  the  Nd-Ga  association, 
which  leads  co  the  inhomogeneous  broadening  of  the  optical  spectra,  electron 
paramagentic  resonance  of  the  Nd^+  was  studied. 

Although  the  garnet  lattice  has  an  overall  cubic  structure  with  space  group 
0j°,  the  symmetry  at  the  site  of  yttrium,  for  which  rare  earths  substitute,  ? s 
orthorhombic.  The  low-symmetry  crystal  field  removes  all  degeneracy  except 
Kramers  degeneracy  of  an  ion  with  an  odd  number  of  electrons,  splitting  each 

multiplet  into  J  +  ^  Kramers  doublets.  Nine  independent  parameters  are 

J  3  + 

necessary  to  describe  this  crystal  field.  The  crystal  field  splitting  of  Nd  in 

Y,A£r0  .  and  Y  Ga  0  0  has  been  analyzed  using  five  crystal  field  parameters 

under  the  assumption  that  the  field  is  nearly  tetragonal.  Wavefunctions  from 

which  g  factors  could  be  calculated  have  not  been  published. 

Figure  5  shows  an  yttrium  site  and  the  nearest  surrounding  atoms.  Yttrium 
has  as  nearest  neighbors  eight  oxygen  atoms  located  at  the  corners  of  a  distorted 
cube.  The  nearest  aluminum  atoms  are  of  two  types.  Each  alu.ninum  of  the  first 
type  is  octahedral ly  coordinated  by  six  oxygen  atoms.  There  are  four  of  this 
type  with  respect  to  which  the  yttrium  is  tet rahedral 1 y  coordinated.  Each  alumi¬ 
num  of  the  second  type  is  tet rahedral 1 y  coordinated  by  four  nearest  oxygen  atoms. 
There  are  six  of  this  type,  two  of  which  lie  along  the  [001]  axis  and  are  nerrer 
the  central  yttrium  than  the  other  four.  (The  others  do  not  lie  along  the  [100] 
axes,  where  the  origin  is  taken  at  the  yttrium  site.)  Figure  5  shows  one  type  of 
yttrium  site.  Another  type  is  oriented  in  the  same  way  with  respect  to  [100], 
[010],  and  [001]  as  the  one  shown  is  oriented  with  respect  to  [100],  [010],  and 
[001].  There  are  also  four  other  types  oriented  similarly  along  the  other  (100> 
di  rections. 
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Electron  paramagnetic  resonance  ( E PR)  spectra  were  taken  at  1.3  K  and 

r  1 42  ifi  .3 

9.16  GHz  on  crystals  containing  Nd  at  a  concentration  of  10  cm  3  (0.008  at. 

%) .  These  are  cystals  1-1,  1-2,  . 1-9.  The  isotope  was  used  because  the 

absence  of  hyperfine  structure  simplifies  the  spectra.  The  splitting  of  the 

ground  doublet  in  a  magnetic  field  is  described  for  YjA^^O^  and  Y^Ga^O^  by  the 

spin  Hamiltonian: 

K  "  9xPHxSx  +  Wy  +  9z^HzSz*  W 

9 

The  effective  spin  S  *  £,  This  spin  Hamiltonian  is  written  in  the  conventional"7 
axis  system  x,  y,  z  a  [UO]  or  [110],  [110]  or  [llo],  [001],  There  are,  of  course, 
five  other  magnetically  inequivalent  sites,  as  discussed  above.  There  is  also 
an  ambiguity  in  the  relation  of  the  g  tensor  to  the  type  of  site  producing  the 
resonance.  It  is  not  possible  to  determine  whether  the  g  tensor  z  axis  corresponds 
to  the  [001]  axis  of  Figure  5.  It  could  correspond  instead  to  the  [010]  or  to  the 
[100]  axis  of  the  figure.  This  ambiguity  might  he  resolved  for  example  by  an 
electron-nuclear  double  resonance  (END0R)  experiment. 

Figure  6  shows  the  angular  dependence  of  the  resonance  field  versus  orien¬ 
tation  of  the  static  field  when  the  static  field  is  rotated  in  the  (110)  plane. 
Resonances  from  the  six  types  of  center  are  shown.  The  g  factors  measured  for 
Y^A-tj-O^  are 

gx  =  1.742,  gy  -  1.160,  gz  =  3.906. 

These  values  are  similar  to  those  measured  by  Wolf,  et  al . ^  In  addition  to  the 
resonances  shown  in  Figure  6,  other  much  weaker  lines  were  present.  They  gen¬ 
erally  broadened  rapidly  as  the  field  was  rotated  away  from  a  principal  direction, 
and  were  not  investigated  in  detail. 
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Figure  6  Resonance  Field  vs  Angle  for  the  NdJ  + 
the  Magnetic  Field  is  Rotated  in  the  ( 
angle  between  the  field  and  [OOl}.  Two  of  the  curves  represent 
resonance  of  twice  as  many  centers  as  the  other  two  and  are 
labeled  2.  Thus  there  are  four  curves  rather  than  six.  The 
resonance  frequency  is  9. 16  GHz.  The  symbols  g  ,  g  ,  and  g 
indicate  the  extrema  where  these  principal  values  a'fe  measured. 


Resonance  in  Y-Ai-O.-  as 
ITO)  Plane,  e^is^the 


Spectra  were  also  taken  of  mixed  crystals  with  x  ■  0.008,  0.04,  0.083, 

0.12,  and  0,34.  As  x  increases  from  zero,  the  lines  Just  described  become 
increasingly  broad,  some  line  shapes  becoming  asymmetric.  In  addition,  many 
other  weaker  lines  appear.  When  the  field  is  rotated  away  from  a  principal 
direction,  most  of  these  broaden  and  become  impossible  to  follow  over  a  wide 
angular  range.  Two  could  be  studied  in  detail  and  will  be  called  satellite  No.  1 
and  satellite  No.  2.  Tne  resonance  field  of  each  satellite  has  turning  points 
along  the  z  and  y  axes,  and  therefore  both  have  the  same  g  tensor  axes  as  those 
of  the  main  resonance.  For  x  ■  0.008,  the  g  factors  are 

g  (1)  -  1.100,  g  (2)  =  1.201, 

gz(D  =  3.869,  gz(2)  =  3.907. 

q  was  not  measured  for  these  satellites.  Satellite  No.  1  is  shown  in  Figure  7 
3x 

for  H  along  the  z  axis,  the  position  where  all  lines  are  narrowest.  Satellite 
No.  2  is  not  resolved  from  the  main  line  at  this  orientation.  For  x  =  0.34, 
satellite  No.  1  also  cannot  be  resolved  from  the  main  line  at  this  orientation. 

Let  us  assume  that  these  satellites  are  due  to  Nd  ions  with  one  or  more  of 
the  ten  nearest  At 1  s  replaced  by  Ga,  and  that  substitution  of  Ga  at  more  distant 
At  sites  leads  only  to  line  broadening.  The  resonance  from  a  Nd  with  a  Ga  sub¬ 
stitutional  along  one  of  the  g  tensor  axes  mentioned  above  will  be  characterized 
by  a  g  tensor  with  the  same  principal  axes  but  different  principal  values.  If 
the  substitution  occurs  at  a  site  not  located  along  one  of  these  axes,  the 
resonance  will,  in  general,  be  described  by  a  g  tensor  with  axes  rotated  with 
respect  to  those  of  Nd  in  Y^At^O^-  From  Figure  5,  only  the  two  nearest  alumi¬ 
num  sites  are  on  a  g  tensor  axis  -  the  z  axis.  We  therefore  assume  that  the  two 
satellites  are  due  to  Nd  ions  with  one  and  two  Ga's  replacing  these  two  Art's. 


For  the  compositions  x  -  0.008,  0.04,  O.O83,  and  0.12,  the  ratio  of  the  peak-to- 
peak  derivative  signal  of  satellite  No.  1  to  that  of  the  main  line  for  H  ||  [001] 
is  0.063,  0.20,  0.37,  and  O.89,  respectively.  (Satellite  No.  2  contributes  to 
the  main  line  at  this  position.)  For  H  |  |  [110]  where  both  satellites  are  well 
resolved  from  tne  main  line,  the  lines  are  very  broad  and  easily  saturated,  so 
that  no  reliable  intensity  measurements  could  be  made  at  this  orientation.  The 
dependence  of  this  ratio  on  Ga  concentration  is  in  agreement  with  simple  statis¬ 
tical  theoretical  predictions  for  neither  the  Nd-IGa  nor  the  Nd-2Ga  model. 
However,  this  is  not  unexpected.  Nd3+  is  a  larger  ion  than  Y3+.  Ga  shows  a 
preference  for  ths  tetrahedral  sites11  in  Y^A^Ga^O^,  which  decreases  with 
increasing  x,  although  Ga  is  larger  than  M  and  the  tetrahedral  sites  are  smaller 
than  the  octahedral . 
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SECTION  IV 


CRYSTAL  GROWTH  AND  CHARACTERIZATION 

Crystal  growth  has  empnasized  the  preparation  of  laser-size  (0.6  cm  dia  x 
7.5  cm)  crystals  of  yttrium  aluminum  garnet  (YAG) ,  with  varYin9  amounts 

of  gallium  substituted  for  aluminum.  Mixed  garnet  crystals,  Y  ^  (Ai,  ^Ga^)  ,-Oj  2 
(YAGG)  ,  with  x  =  0.1,  0.2,  and  0.4,  we-e  grown.  Nearly  al  l  crystals  were  grown 
with  neodymium  doping  (YAGG:Nd). 

At  the  time  this  work  was  initiated,  YAG-Nd  crystals  of  comparable  size  were 
available  for  laser  use  from  several  commercial  suppliers.  The  purpose  of  this 
effort  was  therefore  to  proceed  from  existing  YAG  crystal  growth  technology  and 
to  develop  a  capability  to  grow  mixed  garnet  crystals  of  sufficient  size  and 
optical  quality  for  use  as  lasers.  During  the  course  of  this  effort,  the  YAG-YGG 
(yttrium  gallium  garnet)  phase  diagram  was  determined,  the  variation  of  the  lat¬ 
tice  parameter  of  YAG  with  up  to  40%  gallium  substitution  was  measured,  14 
crystals  were  grown  for  spectroscopic  studies,  17  crystals  were  grown  for  EPR 
investigation,  and  61  mixed  garnet  crystals  were  grown  for  laser  rod  preparation. 
In  addition,  several  physical  and  mechanical  properties  of  the  mixed  garnet 
crystals  were  determined  and  are  presentee'  in  Section  IV.  B. 

All  crystal  growth  was  carried  out  by  the  Czochralski  method  in  a  sealed 
chamber  to  permit  control  of  the  ambient  atmosphere.  The  crystal  growth  program 
was  organized  so  that  pull  rate,  rotation  rate,  oxygen  overpressure,  initial 
melt  composition,  crucible  size,  and  control  parameters  could  be  investigated 
individually  as  independent  experimental  variables. 

A.  Phase  Diagram 

Figure  8  shows  the  pseudo-binary  phase  diagram  of  YAG-YGG  as  determined 
in  this  study,  tiquidus  temperatures  were  measured  using  an  optical  pyrometer 
focused  directly  onto  the  melt.  The  solidus  curve  was  calculated  from  the  dis¬ 
tribution  coefficients  as  determined  by  chemical  analysis  of  the  first  material 
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to  solidify  from  a  melt  of  known  starting  composition.  It  should  be  noted  that 
the  end  members  of  this  phase  diagram  are  congruently  melting  compounds,  but 
that  the  diagram  itself  is  not  a  true  binary  system. 

1 •  Distribution  Coefficients 

The  effective  distribution  coefficients  for  Nd  and  Ga  in  the  mixed 
crystal  were  calculated  using  chemical  analysis  data  for  the  crystal  top  versus 
initial  melt  composition.  These  calculations  show  that  kgff  (avg)  for  Nd  in  the 
mixed  crystal  is  0.23,  and  for  Ga  it  is  0.75.  The  distribution  coefficients  are 
not  constant,  but  vary  with  melt  composition.  In  general, 

0)  kgf f  f°r  Nd  increases  as  the  gallium  content  increases. 

(2)  kflf f  for  Ga  increases  as  the  gallium  content  increases. 

The  value  of  k  for  gallium  approaches  unity,  of  course,  as  the  YGG  content  of  the 

melt  approaches  100%.  For  example,  keff  *  0.95  at  96%  YGG  and  0.86  at  80%  YGG. 

This  would  make  keff  for  aluminum  in  YAGG  equal  to  1.63  at  96%  YGG  and  1.5  at 

80%  YGG. 

2.  Lattice  Parameter 

Figure  8  shows  that  the  lattice  parameter  of  the  mixed  garnet  obeys 
Vegard's  law  over  the  range  investigated. 

B.  Material  Sources 

All  materials  used  for  crystal  growth  in  this  project  were  purchased  in  the 
form  of  sesquioxide  powders.  Rare  earths  were  purchased  from  Research  Chemicals, 
Phoenix,  Arizona.  Gallium  and  aluminum  oxides  were  purchased  from  Johnson 
Matthey  Chemicals,  Ltd.,  through  United  Mineral  and  Chemical  Corp.,  New  York. 

Some  gallium  oxide  was  also  obtained  from  Alusuisse  Metals,  Inc.,  Fort  Lee,  N.  J. 
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C .  Material  Purity 

All  oxide  powders  were  purchased  as  99.999%  pure.  For  the  rare  earths  this 
number  designates  the  purity  with  respect  to  other  rare  earths.  Research  Chemi¬ 
cals  quotes  an  overall  purity  of  better  than  99.99%  for  its  rare  earth  products. 
The  aluminum  and  gallium  oxides  were  generally  Johnson  Matthey  Grade  1,  which 
the  supplier  claims  has  an  overall  impurity  content  of  less  than  10  ppm  by 
weight  (99-999%  pure).  The  gallium  oxide  obtained  from  Alusuisse  Metals  was 
quoted  as  99.9999%  pure. 

D.  Material  Preparation 

It  was  found  that  the  optimum  technique  for  preparing  the  starting  materials 
was  as  follows.  The  precise  amounts  of  each  oxide  needed  for  one  run  were  weighed 
out  and  mixed  thoroughly.  The  mixed  powders  were  prereacted  in  air  in  a  platinum 
crucible  at  1 200L  C  for  about  18  hours.  The  reacted  garnet  powder  was  the  i  melted 
into  the  iridium  crucible  in  several  stages.  This  procedure  ensures  that  <;ach 
melt  contains  the  intended  molar  fraction  of  each  constituent.  In  addition, 
presintering  the  starting  powders  drives  off  adsorbed  water  and  carbon  dioxide 
and  generally  results  in  a  superior  melt. 

When  a  melt  containing  an  excess  of  one  or  more  constituents  was  desired, 
the  stoichiometric  melt  was  prepared  as  described  above  and  the  excess  powders 
were  added  at  the  last  crucible  filling  operation. 

E .  Crucibles 

Iridium  crucibles  were  used  throughout  this  investigation.  Crucibles  were 
fabricated  by  the  Baker  Platinum  Division  of  Englehard  Industries,  Blair,  N.  J. 

The  most  frequently  used  size  was  a  2  inch  I.D.  x  2  inch  deep  crucible  with  a 
wall  thickness  of  0.100  inch.  Such  a  crucible  would  hold  about  400  gms  of  melt. 
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Other  crucible  sizes  used  were  a  1.5  x  1.5  inch  crucible  for  the  spectroscopic 
and  EPR  samples  and  a  2-^  x  2^  inch  crucible  from  which  a  number  of  large  crystals 
were  pul  led. 

F.  Insulation 

To  achieve  the  desired  melt  temperature  by  induction  heating  it  was  necessary 
to  insulate  the  crucible  to  '•educe  radiative  heat  losses.  In  general,  two  methods 
of  insulation  were  used;  (1)  the  crucible  itself  was  insulated  on  the  sides  and 
bottom,  and  (2)  a  chimney  was  placed  over  the  crucible  to  reflect  heat  radiated 
froi,  the  melt.  Figure  9  shows  the  furnace  design  to  scale.  The  basic  insulation 
around  the  crucible  was  granulated  Th02-  This  was  thoria  grog  -14  to  28  mesh, 
purchased  from  Zirconia  Corp.  of  America,  Solon,  Ohio.  The  thoria  grog  was  con¬ 
tained  in  a  recrystallized  alumina  muffle  tube.  Later,  the  alumina  was  replaced 
by  a  tube  of  ZIRCAR  fibrous  zirconia  (3  inch  I.D,  x  4  inch  O.D.)  purchased  from 
Union  Carbide,  Corp.,  Tuxedo,  N.  Y.  This  latter  was  a  much  better  insulator. 

Chimneys  were  made  from  castable  zirconia  (Zirconium  Corp.  of  America)  in 
a  mold  specifically  designed  for  this  program.  Other  insulation  included  Kaowool , 
a  product  of  Babcock  anJ  Wilcox,  Co.,  Richardson,  Texas,  and  ZIRCAR  felt  (Union 
Carbide).  Figure  10  sh^s  the  arrangement  used  to  hold  the  seed  crystal. 

G.  Atmosphere 

All  crystal  growth  was  done  in  a  flowing  atmosphere  of  reduced  oxygen  con¬ 
tent.  The  range  of  oxygen  partial  pressures  from  0  to  5  volume  percent  was  in¬ 
vestigated.  Both  nitrogen  and  argon  were  used  to  make  up  the  inert  bulk  of  the 
atmosphere.  From  the  crystal  growth  standpoint,  the  only  advantage  of  argon  over 
nitrogen  is  its  lower  thermal  conductivity,  which  would  further  reduce  power 
requirements  to  the  crucible.  However,  argon  is  more  prone  to  suffer  arcing 
from  the  rf  coil  to  ground;  therefore,  nitrogen  was  used  predominantly  in  the 
later  stages  of  research. 
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Figure  9  Furnace  Design 
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Figure  10 


Flow  rates  from  100  to  5000  cc/min  were  used.  The  faster  flow  rates  were 
investigated  to  ensure  that  the  internal  volume  of  the  puller  was  flushed  at  a 
rate  sufficient  to  keep  pace  with  all  possible  oxidation/ reduction  reactions. 

In  this  way,  the  experimenter  can  be  certain  that  the  oxygen  potential  in  the 
puller  is  that  of  the  incoming  gas  mixture. 

Gas  mixtures  were  taken  from  three  sources.  Initially,  premixed  tanks  were 
connected  to  t,ie  puller  through  a  flow  meter.  Later,  gas  mixtures  were  made  in 
situ  by  taking  gas  from  tanks  of  pure  nitrogen  and  oxygen  and  monitoring  their 
flows  through  separate  flow  meters.  Ultimately,  the  building  gas  supply  was 
used.  Nitrogen  and  oxygen  from  utilities  within  the  laboratory  were  passed 
through  filters  to  remove  oil  and  water  vapors  and  particulate  matter  as  small 
as  12  pm  in  diameter,  then  through  separate  flow  meters  and  into  the  puller. 

H.  Crystal  Pullers 

Two  crystal  -? _i  1  ling  stations  were  used  for  most  of  the  crystal  growth. 

One  consisted  of  a  Lepel  dual  frequency  25  kW  rf  generator  and  an  Arthur  D.  Little, 
Co.  model  MP  crystal  puller.  This  station  is  referred  to  below  by  the  initials 
ADL.  The  other  station  (designated  T-W)  was  powered  by  a  Taylor-Winf iel d  60  kW 
rf  generator,  and  the  crystal  puller  was  a  custom-built  apparatus  using  an 
Arthur  D.  Little  pulling  head  for  seed  rotation  and  lift.  This  pulling  head 
was  in  all  essential  respects  identical  to  the  one  on  the  ADL.  The  estimated 
internal  volumes  of  the  pullers  were  26  liters  for  the  ADL  and  45  liters  for  the 
T-W. 

I.  Growth  Parameters 

In  the  following  sections  the  effect  of  each  of  the  three  main  growth 
parameters  on  crystal  quality  is  discussed. 
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1. 


Atmosphere 


Since  the  constituents  of  the  mixed  garnet  crystals  are  all  oxides, 
some  partial  pressure  of  oxygen  is  required  over  them  to  prevent  their  reduction 
to  the  metallic  state.  The  oxides  of  aluminum  and  the  rare  earths  are  extremely 
stable,  and  neodymium-doped  YAG  can  be  grown  in  an  atmosphere  that  is  nominally 
pure  argon  or  nitrogen.  The  oxide  of  gallium  is  the  least  stable  of  the  con¬ 
stituents,  tending  to  reduce  to  a  volatile  sub-oxide  through  the  reaction 

Ga203  (solution)  -  Ga20(g)  +02(g).  (15) 

As  this  reaction  proceeds,  the  gallium  sub-oxide  in  the  vapor  phase  condenses 
on  the  colder  portions  of  the  puller;  thus,  a  stable  level  of  gallium  oxide  is 
never  achieved  in  the  atmosphere,  and  the  reaction  continues  until  the  melt  is 
significantly  depleted  of  gallia. 

Two  other  reactions  of  importance  occur  in  this  system.  They  are  the 
oxidation  of  iridium  as 

Ir  +  02  Ir02  (vapor  +  solution),  (16) 

and  the  reaction  between  gallia  in  solution  and  the  crucible 

Ga203  (solution)  +Ir-Ga20  (g)  +  ir02.  (17) 

At  first  glance  reaction  (17)  appears  to  be  merely  the  sum  of  reactions  (15)  and 
(16).  However,  it  is  significant  to  note  that  free  oxygen  does  not  appear  in 
t.tis  reaction,  and  hence  its  rate  is  independent  of  the  oxygen  overpressure. 
Reaction  (17)  occurs  at  all  oxygen  pressures,  therefore,  and  cannot  be  prevented. 
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Both  reactions  (15)  and  (16),  on  the  other  hand,  contain  oxygen  gas  and  therefore 
are  dependent  on  the  partial  pressure  of  oxygen  in  the  puller  chamber.  To  drive 
reaction  (15)  to  the  left  as  desired,  an  increase  in  oxygen  potential  is  required. 
This,  however,  drives  reaction  (16)  to  the  right,  an  undesirable  consequence. 
Hence,  a  compromise  must  be  struck  in  the  choice  of  oxygen  potential.  The  intro¬ 
duction  of  a  soluble  iridium  oxide  into  the  solution  is  not  specifically  detri¬ 
mental  to  the  growth  of  high  quality  crystals.  However,  as  in  the  case  of  most 
noble  metals,  the  oxide  of  iridium  becomes  less  stable  as  the  temperature  is 
lowered.  Therefore,  in  the  vicinity  of  the  growing  crystal  interface,  the  coldest 
part  of  the  melt,  free  metallic  iridium  forms  and  is  incorporated  as  a  precipi¬ 
tate  into  the  growing  crystal. 


Oxygen  potentials  in  the  range  of  zero  to  five  volume  percent  were 
investigated,  with  most  of  the  effort  centered  around  two  percent. 


2.  Pull  Rate 


The  rate  at  which  the  crystal  is  pulled  from  the  melt  can  have  a  sig¬ 
nificant  effect  on  its  optical  quality.  The  growth  rate  is  essentially  the 
same  as  the  pull  rate,  except  that  the  melt  drop  adds  an  additional  amount.  In 
pulling  a  crystal  of  diameter  d  from  a  crucible  of  diameter  D  it  can  be  shown 
that  the  true  growth  rate  G  is  given  by 


G 


(P  -  L)  (1  +  ”2  ), 
D 


(18) 


where  P  is  the  pull  rate,  a  is  a  factor  depending  on  the  solidification  shrink¬ 
age,  and  L  is  the  crucible  lift  rate.  In  this  investigation  programmed  crucible 
lift  was  never  used,  so  L  is  always  zero.  Also,  the  solidification  shrinkage 
can  be  ignored,  so  a  is  unity.  Thus, 

d2 

G  -  P  (1  +-2  ). 

D 
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(19) 


For  a  typical  crystal  d  «  1  inch  and  D  a  2  inches,  so  the  growth  rate  is  up  to 

25%  faster  than  the  Pu"  rate.  The  pull  rate  will  be  given  as  the  experimental 
variable,  pull  rates  between  0.25  and  1.1  mm/hour  were  employed. 

In  gereral,  slower  growth  rates  result  in  crystals  of  higher  optical 

qual ity. 


3.  Rotation  Rate 

In  Czochral ski  growth  the  seed  and  the  crucible  are  usually  rotated 
to  even  out  radial  temperature  inhomogeneities.  This  keeps  the  thermal  center 
of  the  system  at  the  geometrical  center  of  the  crucible  and  keeps  the  crystal 
growing  evenly.  For  this  project  crucible  rotation  was  not  used.  Crystal  ro¬ 
tation  rates  between  6  and  66  rpm  were  studied. 

The  mixed  garnet,  like  YAG,  grows  with  {211}  type  facets.  These  facets 
are  supercooled  with  respect  to  the  freezing  isotherm  and  therefore  grow  in  a 
high  defect  iSvel.  This  leads  to  a  core  region  with  a  high  dislocation  density 
unsuitable  for  optical  uses.  It  is  a  well-known  fact  that  fast  rotation  rates 
produce  flat  solid-liquid  interfaces  and  eliminate  coring.  We  therefore  ex¬ 
tended  our  investigation  of  rotation  rates  to  include  this  effect. 

J.  Cont  rol 

Temperature  control  is  of  paramount  importance  in  Czochralski  growth. 

This  section  contains  a  description  of  the  techniques  by  which  control  parameters 
were  selected  to  achieve  optimum  crystal  growth.  The  control  problem  can  be  ap¬ 
proximately  separated  into  two  regimes;  a  short-term  cycle  when  temperature 
excursions  occur  on  a  time  scale  much  less  than  the  overall  time  necessary  to 
grow  a  crystal,  and  a  long-term  part  wherein  temperature  variations  occur  with 
a  frequency  of  the  order  of  the  overall  crystal  growth  operat?on.  Since  7.5  cm 
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crystals  were  desired  and  pulling  speeds  of  0.5  mm/hour  were  utilized  most 
frequently,  the  total  time  needed  to  pull  a  crystal  was  150  hours,  or  about 
six  days.  Thus,  long-term  control  was  needed  to  cope  with  two  distinct  problems: 
(a)  the  gradual  emptying  of  the  crucible  and  consequent  change  in  thermal 
geometry,  and  (b)  diurnal  changes  in  both  city  power  supply  and  room  temperature. 
The  short-term  control  corrected  for  momentary  changes  in  building  power  caused 
by  the  startup  of  heavy  equipment  or  lightning  storms  and  random  thermal  fluc¬ 
tuations  in  the  crucible. 

1 .  Power  Control 

Constant  power  to  the  crucible  was  the  first  and  most  basic  control 
method  applied.  A  pick-up  coil  was  placed  around  one  lead  from  the  rf  generator. 
The  induced  current  in  this  coil  (~  100  V,  450  kHz)  was  rectified,  filtered,  and 
attenuated  to  a  dc  signal  of  about  50  mV.  This  signal  was  fed  into  a  Leeds  and 
Northrup  "AZAR"  proportional  controller.  The  proportional  controller,  using  an 
operator-selected  set  point,  produced  a  0  to  5  mV  error  signal  which  went  into 
the  thyratron  controller  of  the  rf  generator.  (The  AZAR  controller  was  used 
throughout  this  project  as  a  proportional  controller.)  Although  this  technique 
(constant  power)  is  simple,  reliable,  and  has  a  rapid  response,  it  does  not  solve 
the  basic  control  problem,  that  of  maintaining  a  reasonably  constant  crystal 
diameter  over  the  long  crystal  growth  run.  Its  best  feature  is  that  it  rapidly 
compensates  for  short-term  disturbances.  To  correct  for  large-scale,  long-time 
changes  in  diameter,  a  motor  driven  potentiometer  was  inserted  into  the  set  point 
circuit.  The  operator  could  then  drive  the  set  point  up  or  down  at  a  rate  de¬ 
termined  by  visual  inspection  of  the  growing  crystal.  This  method  relies  heavily 
on  experience  and  is  severely  hampered  by  the  slow  growth  rate,  which  does  not 
allow  for  a  positive  feedback  of  the  rate  and  direction  of  change  of  crystal 
diameter  in  a  reasonable  time  period. 
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2.  Optical  Diameter  Control 


An  IRCON  model  2000  infrared  sensor  was  used  to  provide  a  control 
system  with  a  more  positive  diameter  control.  This  device  detects  tie  temperature 
of  a  small  area  (~  1/8  inch  dia)  and  produces  a  proportional  dc  millivolt  output. 
The  output  of  the  IRCON  was  used  as  the  input  to  the  AZAR  for  control  as  with 
constant  power.  The  optical  system  of  the  IRCON  enables  the  operator  to  visually 
select  the  area  in  which  temperature  is  to  be  monitored.  For  control,  three 
areas  were  used;  (1)  the  crucible  wall,  (2)  the  melt  surface,  and  (3)  the  meniscus 
at  the  edge  of  the  growing  crystal.  All  areas  gave  good  response  for  feedback 
control,  but  only  the  last  two  gave  good  diameter  control.  The  most  serious  draw¬ 
backs  to  this  technique  were  the  lag  in  response  due  to  the  large  thermal  inertia 
of  the  system  and  the  random  noise  caused  by  convection  currents  in  the  melt. 

The  latter  was  eliminated  by  increasing  the  time  constant  of  the  instrument. 

Also,  the  meniscus  temperature  for  the  mixed  garnet  was  not  significantly  higher 
than  for  the  surrounding  melt.  Thus,  it  was  not  possible  to  develop  as  strong 
an  error  signal  for  control  as  that  found  for  pure  YAG,  for  instance. 

K.  Resul ts 

The  following  sections  include  a  compilation  of  the  crystals  grown  for  the 
various  phases  of  the  program  and  a  description  of  the  principal  defects  observed 
in  these  crystals. 

1 .  EPR  Samples 

jO  ^  o 

A  series  of  small  (30  to  50  g)  crystals  was  pulled  with  ~  10  cm"-5 

1 42 

Nd  doping  for  electron  paramagnetic  resonance  experiments.  Since  large  size 
and  high  optical  quality  were  not  criteria,  a  relatively  fast  pull  rate  (4  to  5 
mm/hour)  was  employed.  These  crystals  were  pulled  from  a  1,5  inch  dia  x  1.5  inch 
iridium  crucible  using  a  furnace  design  similar  to  that  described  previously  in 
this  section.  The  series  included  compositions  from  pure  YAG  in  steps  to  pure 
YGG. 
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2.  Spectroscopic  Samples 


A  second  series  of  small  crystals  was  pulled  for  spectroscopic  studies. 
This  series  also  spanned  the  composition  range  from  pure  YAG  to  pure  YGG.  The 
neodymium  content  of  these  crystals  was  varied  from  about  0.1  to  1%  of  the  total 
rare  earth.  The  crystals  were  pulled  from  a  2  inch  x  2  inch  iridium  crucible, 
as  were  the  laser-size  crystals. 

3.  Laser  Crystal  s 

Sixty-one  boules  were  pulled  for  laser  rod  fabrication.  These  included 
crystals  in  the  composition  range  from  pure  YAG  to  40%  YGG.  All  were  doped  with 
neodymium  except  for  a  few  YAG  crystsls  grown  to  de-bug  the  automatic  diameter 
control.  About  half  these  crystals  contained  40%  gallium  substitution.  Of  the 
remainder,  the  largest  number  contained  10%  gallium  substitution.  Typical 
crystals  are  shown  in  Figures  11  and  12. 

4.  Defects 

The  crystals  pulled  for  this  contract  have  shown  five  major  types  of 
defects:  cracks,  i ridium  particles,  gas  bubbles,  striae,  and  precipitates.  The 
precipitates  may  include  both  impurity  particles  and  second  phase  oxides.  Each 
type  of  defect  is  correlated  below  with  the  growth  parameters  that  cause  it, 
and  the  experimental  procedure  used  to  eliminate  it  is  defined. 

(1)  Cracks  can  be  correlated  with  extreme  variations  in  crystal  shape 
in  nearly  every  instance.  Such  shape  variations  can  be  described  simply  as  too 
rapid  a  change  in  diameter  for  a  particular  length  of  pulled  crystal.  Since 
this  effect  corresponds  to  a  marked  variation  in  growth  rate,  regions  of  pro¬ 
nounced  shape  change  may  well  be  full  of  the  various  local  defects  listed  above, 
and  these  defects  may  serve  as  nucleation  sites  for  cracks.  Alternatively, 
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cracks  may  result  from  differential  thermal  stresses  in  these  regions.  In  any 
event,  precise  diameter  control  should  lead  to  a  reduced  number  of  cracks.  The 
results  of  crystals  grown  using  automatic  diameter  control  support  this  con¬ 
tention. 

(2)  Gas  bubbles  are  almost  certainly  the  result  of  oxygen  evolution 

at  the  melt-solid  interface,  A  possible  reaction  is  Ir02  -  Ir  +  02  (g) .  (Iridium 
is  the  only  metal  in  the  system  whose  oxide  becomes  less  stable  as  temperature 
decreases.  Since  the  solid-melt  interface  is  the  coldest  portion  of  the  melt, 
iridium  oxide  that  has  formed  in  other  parts  of  the  system  would  deconpose  here, 
liberating  oxygen.)  It  has  not  been  possible  to  establish  a  one-to-one  correla¬ 
tion  between  gas  bubbles  and  iridium  particles  in  the  crystal,  but  the  bubbles 
seem  closely  tied  to  the  thermodynamics  of  iridium  accumulation  in  the  melt. 

Figure  13  shows  the  gas  bubbles  are  distributed  in  two  ways.  Toward  the  top  of 
the  crystal  they  are  evenly  dispersed  across  the  crystal  diameter  [Figure  13(a)]. 
This  distribution  occurred  mainly  in  the  conical  part  of  the  crystal  where  the 
diameter  was  increasing  with  time.  Along  the  remaining  length  of  the  crystal 
the  buobles  occupy  a  well-defined  region  just  under  the  surface.  The  reason  the 
bubbles  are  restricted  to  this  surface  region  is  not  known. 

(3)  Iridium  is  present  in  the  system  in  two  regimes  of  interest;  as 
a  soluble  oxide  in  the  melt  and  as  an  insoluble  metal  floating  on  the  surface. 

It  is  reasonable  to  argue  on  thermodynamic  grounds  that  these  regimes  are  mu¬ 
tually  exclusive,  since  for  a  given  oxygen  potential  only  one  of  the  two  species 
(metal  or  oxide)  will  be  stable.  (This  is  strictly  true,  though,  only  for  an 
isothermal  system.)  From  a  crystal -growing  point  of  view  it  is  desirable  to 
lower  the  oxygen  potential  and  encourage  formation  of  the  metal  on  the  liquid 
surface.  This  removes  the  metal  from  solution  in  the  melt  and  should  prevent 
the  occurrence  of  iridium  particles  within  the  crystal.  These  particles  are 
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In  addition  to  controlling  the  iridium  transfer  into  and  out  of 
the  melt,  the  oxygen  potential  affects  the  rate  of  gallium  loss  from  the  melt 
through  the  reaction  which  forms  a  volatile  sub-oxide  [Ga^  (solution)  - 
Ga20  (g)  +  02  (g)].  However,  an  investigation  of  the  thermodynamics  of  this 
reaction  indicates  that  at  the  temperature  of  interest  the  equilibrium  oxygen 
potential  is  much  less  than  1%.  In  fact,  it  has  been  reported  that  the  rate- 
crntrolling  factor  for  this  reaction  is  the  precipitation  of  solid  Ga20  from 
the  vapor  phase  in  the  colder  parts  of  the  puller. 


In  addition,  the  kinetics  of  iridium  oxidation  in  such  a  massive 
system  cannot  be  ignored.  If  an  initial  level  of  iridium  has  been  established 
in  the  melt  during  the  crucible  loading  procedure,  this  iridium  can  only  be 
removed  at  the  melt  surface.  And  it  has  been  reported  that  equilibrium  between 
melt  and  vapor  phase  may  take  as  long  as  eight  hours  in  similar  systems.  It  is 
also  generally  assumed  that  there  is  a  continuous  reaction  between  gallium  oxide 
in  the  melt  and  the  iridium  crucible  [Ga^  (solution)  +  Ir  (solid)  _  Ga20  (g)  + 
Ir02  (solution)]  which  results  in  a  continuous  introduction  of  iridium  into  the 
melt  independent  of  oxygen  overpressure. 


(4)  Growth  striae  are  clearly  a  significant  problem.  They  are  due 
to  temperature  fluctuations  in  the  melt,  although  secondary  sources  can  be 
variations  in  the  pull  rate  brought  about  by  mechanical  stability  problems  in 
the  pulling  head  and  power  fluctuations.  Significant  improvements  have  been 
made  in  the  micro-structure  of  the  crystals  with  regard  to  striae  by  stabilizing 
the  power  supply,  but  clearly  these  have  not  been  enough.  The  crucible  tempera¬ 
ture  follows  the  power  input  quite  closely,  but  it  is  not  readily  apparent  how 
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long  it  takes  the  melt  to  reestablish  equilibrium  after  a  variation  in  the  power 
level  is  introduced  by  the  controller.  Neither  is  it  a  priori  a  fact  that  once 
a  deviation  has  occurred  and  been  corrected  and  the  original  power  level  restored, 
the  melt  temperature  will  return  to  the  same  value.  Photographs  of  striae  in 
three  crystals  are  shown  in  Figures  14  through  16.  Several  significant  features 
can  be  observed.  In  Figure  14  the  striae  are  spaced  with  remarkable  uniformity. 
Figure  17  is  a  histogram  showing  that  the  spacings  between  points  A  and  B  are 
grouped  around  a  common  value  corresponding  to  about  27  minutes.  The  striae 
of  YAGG-34,  Figure  16,  were  observed  to  have  two  peaks  of  preferred  spacings 
(Figure  18)  superimposed  on  a  background  of  spacings  of  decreasing  frequency 
(perhaps  random).  Figure  15  shows  the  striae  of  crystal  46.  The  significant 
feature  here  is  the  wide  spacings  in  time  over  which  some  striae  extend.  These 
would  seem  to  indicate  a  slow  return  to  equilibrium  on  the  part  of  the  melt 
after  a  momentary  power  fluctuation.  The  macrograph  in  Figure  15  shows  heavy 
striae  marked  on  each  side  of  the  crystal.  The  striae  on  each  side  are  spaced 
at  about  24  hour  intervals,  and  the  two  sets  are  about  8  hours  apart.  These 
striae  clearly  arise  from  diurnal  power  fluctuations. 

(5)  Precipitates  are  both  a  thermodynamic  and  a  control  problem.  Their 
origin  can  be  purely  thermodynamic  (e.g.,  nonstoichiomet ry) ,  or  they  can  be 
caused  by  the  sudden  unbalance  of  equilibrium  due  to  a  controller  excursion.  If 
the  point  defects  are  of  thermodynamic  origin,  they  should  be  fairly  evenly  and 
randomly  distributed  throughout  the  length  of  the  crystal.  If  they  arise  from 
a  controller  dysfunction,  however,  they  should  be  highly  localized  within  the 
crystal.  The  appearance  of  localized  defects  in  YAGG-48,  discussed  below,  points 
to  controller  dysfunction  as  the  source  of  the  problem.  Still,  thermodynamics 
is  involved  in  the  creation  of  the  stria,  since  a  considerable  amount  of  iridium 
was  in  the  melt  at  the  time  the  supposed  control  instability  occurred. 
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Two  views  of  YAGG-49  are  shown  in  Figure  19.  This  crystal, 
grown  with  automatic  diameter  control,  shows  several  pronounced  growth  st.i  iae 
and  a  region  of  cross-stria,  strain  lineage  about  two-thirds  down  the  length 
when  the  crystal  is  viewed  through  crossed  polarizers.  However,  when  a  laser 
beam  is  transmitted  down  the  length  of  the  rod,  the  principal  defects  appear  to 
be  a  few  striae  heavily  decorated  with  small  defects.  Figure  20  shows  a  number 
of  views  of  the  crystal  near  one  of  these  striae.  Figure  20(a)  shows  the  core 
region  (right)  with  several  large  iridium  particles  and  one  of  the  striae  (uppe 
left).  The  particles  on  the  stria  are  much  smaller  than  those  in  the  core. 
Figure  20(b)  shows  the  highly  localized  nature  of  the  stria.  The  surrounding 
crystal  is  virtually  free  of  point  defects.  Figures  20(c)  and  (d)  are  views  of 
this  stria  at  higher  magnifications.  In  these  four  photographs  three  defect 
morphologies,  triangles  (iridium),  spheres  (bubbles)  and  rods  (second  phase 
precipitates  ?),  can  be  distinguished.  It  is  conjectured  that  a  momentary  con¬ 
trol  malfunction  produced  this  highly  localized  stria  in  an  otherwise  perfect 
crystal.  Both  the  limited  extent  of  the  defects  and  their  size  suggest  this 
possibility.  Defects  formed  rapidly,  as  in  the  sudden  forward  movement  of  the 
solid-melt  interface,  tend  to  be  smaller  than  those  formed  under  conditions  of 
equilibrium  such  as  the  large  ones  in  the  lower  part  of  the  core  region  in 
Figure  20(a) . 

L.  Discussion 

All  but  two  of  the  four  defect  types  discussed  above  can  be  linked  to 
control  problems.  Gas  bubbles  and  iridium  are  of  thermodynamic  origin,  as  well 
The  control  problem  is  twofold.  Because  of  the  slow  pull  rate  required  to  pro¬ 
duce  a  useful  length  of  crystal  (at  least  seven  days)  long-term  control  of 
crystal  diameter  is  necessary.  Precise  diameter  control  also  fixes  the  growth 
rate  of  the  crystal  and  hence  the  rate  at  which  defects  are  produced.  This 
helps  determine  the  optimum  growing  conditions  for  defect  elimination.  Some 
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Two  Views  of  YAGG-49  Through  Crossed  Polarizers, 
mately  actual  size.) 
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Heavy  growth  of  precipi 
tates  and  bubbles  along 
a  stria.  (80X) 


Enlargement  of  (b)  show 
rod-shaped  precipitates 
(360X) 


(c)  Enlargement  of  (b)  .  (160X) 


s  achieved  in  long-term  control  with  the  Ircon  controller.  Below, 
e  experimental  parameters  are  discussed  in  relation  to  their  role  in 
defect  production  in  the  crystal. 

1 .  Atmosphere 

The  role  of  the  atmosphere  in  the  pulling  of  mixed 'al uminum-gal  1  ium 
garnets  is  crucial.  At  the  temperatures  involved  (l850°C  and  greater)  the 
oxidation  rate  of  iridium  is  high.  The  boil-off  rate  of  Ga20  is  also  sign  ficant. 
A  high  oxygen  partial  pressure  suppresses  the  latter  reaction  while  exacerbating 
the  iridium  oxidation.  The  optimum  compromise  for  this  system  is  in  the  range 

of  2  to  3  vo 1  %  oxygen.  However,  even  at  this  level,  losses  of  gallia  still 
occur. 

One  factor  that  must  be  noted  in  this  context  is  the  rate  of  flow  of 
gas  mixture  into  the  puller  chamber.  In  addition  to  reacting  with  the  melt  and 
crucible,  the  gas  components  react  with  each  other.  (The  odor  of  the  oxides  of 
nitrogen  is  readily  noted  on  opening  the  puller  chamber.)  Thus,  to  assure  the 
desired  gas  mixtures  in  the  puller,  rapid  flow  rates  are  essential.  Flow  rates 
as  fast  as  5  liters/min  were  used  in  this  program.  The  use  of  argon  as  the  inert 
constituent  of  the  atmosphere  would  circumvent  this  problem. 

2.  Pulling  Rate 

It  was  found  that  the  optimum  pulling  rate  for  the  mixed  garnet  was  in 
the  range  0.25  to  0.6  mm/hour.  Speeds  greater  than  1  mm/hour  caused  the  forma¬ 
tion  of  an  excessive  number  of  optical  defects.  The  number  and  severity  of 
striae  seemed  to  be  largely  unaffected  by  pulling  speed.  Since  very  little  im¬ 
provement  in  crystal  quality  was  realized  with  pulling  speeds  lower  than  0.5 
mm/ho jr,  this  would  seem  to  be  the  optimum  value. 
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3.  Rotation  Rate 

Like  YAG,  the  mixed  garnet  grows  with  a  faceted  interface,  the  facets 
being  {211}  planes.  It  is  a  wel 1 -documented  fact  that  at  fast  seed  spin  rates 
the  solid-liquid  interface  can  be  made  to  go  flat,  eliminating  the  facets  and 
the  associated  core  region.  Figure  21  shows  the  effect  of  rotation  rate  on  inter¬ 
face  flatness  at  low  spin  rates.  The  ape*  angle  was  the  included  angle  between 
growth  striae  measured  on  an  axis  slice  of  the  crystal.  At  faster  spin  rates, 
however,  the  interface  does  become  flat  and  the  crystal  grows  without  a  core. 
Several  of  the  last  crystals  pulled  were  rotated  at  66  rpm  and  were  core-less 
when  later  examined.  However,  the  severity  of  their  striae  was  not  appreciably 
different  from  that  of  crystals  grown  at  lower  spin  rates.  Figure  22  shows  a 
view  of  such  a  crystal  through  crossed  polarizers. 

4.  Control 

Precise  control  of  the  melt  temperature  is  essential  in  Czochralski 
growth.  In  this  program  the  two  major  types  of  control  used  were  constant  power 
and  optical  diameter  control,  as  discussed  above.  The  major  drawbacks  of  the 
constant  power  controller  were  that:  (l)  the  diameter  of  the  crystal  varied 
considerably  as  the  melt  level  dropped  and  the  thermal  geometry  of  the  crucible 
changed,  and  (2)  power  line  and  room  temperature  fluctuations  were  not  filtered 
out  by  the  controller.  Figure  23  shows  the  variation  in  crystal  diameter 
caused  by  the  effect  of  diurnal  variations  of  room  temperature  on  the  controller 
electronics  package.  This  feature  was  eliminated  by  placing  these  components 
in  a  constant-temperature  oven.  Diurnal  fluctuations  in  city  power  also  ap¬ 
peared  in  crystals  as  pronounced  striae.  These  were  eliminated  in  one  case  by 
connecting  the  input  of  the  rf  generator  to  the  output  of  a  motor-generator  set 
which  isolated  the  rf  generator  from  city  power  fluctuations. 

The  optical  diameter  control  as  used  here  did  not  function  as  expected, 
largely  because  of  the  long  lag  between  feedback  and  response  caused  by  the  large 


Figure  21  The  Effect  of  Seed  Rotation  Rate  on  Interface 
angle  between  striae  plotted  vs  rotation  rate 


Figure  22(a)  YAGG-59,  As-Grown 


Figure  22(b) 


Figure  22(c) 


Viewed  Through  Crossed 
Polarizers.  Note  flat 
striae  and  lack  of  core. 
Approximately  actual 
size. 


Bottom  Section  of  YAGG-59. 
Approximately  3X. 
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thermal  inertia  of  the  furnace.  This  technique  also  relies  heavily  on  a  pro¬ 
nounced  meniscus  temperature  to  provide  a  strong  error  signal  when  the  crystal 
diameter  varies.  The  mixed  garnet  seemed  to  lack  this;  consequently,  this  form 
of  diameter  control  was  only  partially  successful. 

M.  Conclusions  and  Summary 

Pulling  mixed  "  Y^Ga^O^  crYsta1s  ^rom  the  melt  creates  an  ex¬ 

tremely  harsh  environment  (1800  to  1900°C,  oxidizing  atmosphere  for  eight  days) 
and  leaves  little  choice  of  materials  suitable  for  the  task.  Although  consider¬ 
able  success  was  achieved  in  the  crystal  growth  aspect  of  this  program,  large 
sect'ons  of  garnets  were  not  grown  with  the  low  optical  defect  count  required  for 
lase  rod  fabrication.  This  failure  can  be  traced  to  a  few  critical  system 
parameters. 

•  Crucible  Material 

In  any  crystal  growth  operation  it  is  an  absolute  prerequisite  that 
the  crucible  material  be  inert  with  respect  to  the  melt.  This  is  rarely  the  case 
with  oxide  melts  and  noble  metal  crucibles,  but  these  are  the  only  crucible 
materials  available.  The  use  of  iridium  in  the  temperature  and  oxygen  potential 
range  required  for  these  mixed  garnets  was  totally  unsuitable.  It  is  doubtful 
that  a  group  of  experimental  variables  could  ever  be  found  that  would  reduce  the 
attack  of  the  crucible  and  incorporation  of  iridium  particles  in  the  crystal  to 
an  acceptable  level. 

•  Phase  Diagram 

The  large  separation  between  the  solidus  and  1 iquidus  temperatures 
in  this  system  and  the  lattice  parameter  variation  lead  to  an  inherent  problem 
of  growth  striations.  These  are  an  obvious  optical  defect.  Due  to  random 
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thermal  fluctuations  caused  by  convection  currents,  it  is  probable  that  even 
the  most  carefully  designed  controller  would  not  be  able  to  eliminate  the  growth 
striae  completely. 

•  Components 

Great  difficulty  is  always  encountered  in  growing  crystals  ro a  a 
melt  that  contains  a  volatile  component.  Although  rare-earth  gallium  garnets 
can  be  grown  with  ease  at  lower  temperatures,  the  evaporation  rate  of  gallia 
from  the  mixed  garnet  melts  was  severe,  largely  because  of  the  higher  temperature. 

•  Recommendations 

It  is  therefore  recommended  that  further  work  on  the  growth  of  optically 
clear,  neodymium-doped,  mixed  YAG-YGG  crystals  be  discontinued.  Mixed  rare-earth 
aluminum/gallium  garnets  whose  melting  points  lie  below  about  1700°C  and  whose 
phase  diagrams  suggest  a  closer  sol idus-1 iquidus  separation  may  be  much  more 
likely  candidates  for  high  quality  crystals. 
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SECTION  V 


PHYSICAL  PROPERTIES  MEASUREMENTS 


One  of  the  main  advantages  of  YAG  is  its  superior  physical  properties  with 
regard  to  thermal  conductivity,  hardness,  and  thermal  expansion.  A  main  concern 
in  the  growth  of  the  mixed  garnets  is  how  severely  these  properties  are  degraded 
by  the  addition  of  gallium  in  the  garnet  crystal.  In  this  study  five  physical 
parameters  were  measured:  thermal  conductivity,  thermal  expansion,  unit  cell 
size,  microhardness,  and  index  of  refraction. 

Room  temperature  thermal  conductivity  measurements  were  made  on  several 
specimens  at  Texas  Instruments  using  a  McClure  Park  Corp.  thermal  comparator 
and  by  Dvnatech,  Inc.,  using  a  Colora  Thermoconductometer.  AddiMonal  measurements 
at  167°C  were  made  on  the  Colora  Thermoconductometer.  The  data  are  shown  in 
Figure  24  and  in  Tables  III  and  IV.  The  samples  were  (1)  a  piece  of  pure  YAC 
grown  at  Texas  Instruments;  (2)  two  pieces  of  Nd: YAG,  one  grown  at  TI  and  one 
commercial  piece  (Airtron);  and  (3)  several  pieces  of  Nd : YAGG  with  nominal  10, 

20,  and  40%  gallium  substitution.  The  data  suggest  there  is  a  rapid  decrease  in 
thermal  conductivity  with  small  additions  of  Ga  to  YAG,  followed  by  a  gradual 
further  diminution  as  the  gallium  substitution  increases. 

Measurements  of  the  linear  thermal  expansion  of  the  mixed  crystals  were 

conducted  on  a  fused  quartz  LVDT  equipped  dilatometer  designed  and  constructed 

at  Texas  Instruments.  The  unit  has  a  sensitivity  of  1  x  10  ^  inch.  The  expansion 

was  in  the  [ill]  direction  and  was  measured  over  a  temperature  range  of  25°C 

to  500UC.  A  graph  of  thermal  expansion  vs  composition  is  shown  in  Figure  25, 

and  the  data  are  summarized  in  Table  V.  The  value  for  pure  YAG  agrees  with  the 

_6  1 2 

published  value  of  6.9  x  10  /°C.  The  data  indicate  the  same  behavior  pattern 

as  the  thermal  conductivity.  A  small  addition  of  gallium  causes  a  rapid  increase 
in  the  thermal  expansion,  followed  by  very  gradual  increases  with  further  gallium 
additions. 
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Figure  24  inermal  Conductivity  of  Gallium  Substituted  YAG 
Crystals  as  a  Function  of  Gallium  Content 
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TABLE  III 


THERMAL  CONDUCTIVITIES  (W/cm  K) 


Sample 

By  Thermal 
Comparator 

By  Colora 

Thermoconductometer 

Others 

YAG 

0.094 

0.094 

0.123^ 

YAG :Nd 

0.091 

o.ioo^  0.130^ 

YAG : Nd 

0.092 

YAGG:Nd 

10%  Ga 

0.075 

0.0735 

YAGG:Nd 

20%  Ga 

0.073 

0.074 

YAGG :Nd 

40%  Ga 

0.066 

0.063 

Airtron 

(1)  Klein  and  Croft  (1967) 

(2)  Previous  measurements,  this  project 

(3)  Slack  (1967) 
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TABLE  IV 
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TABLE 


THERMAL  EXPANS T ON  OF  YAGG 


Sample 

Temperature 

Cc) 

a  rc"1) 

YAG 

50-147 

6.95  x  10"6 

(0%  Ga) 

270-414 

8.37  x  lo"6 

YAGG  #23 

50-147 

7.41  x  10‘6 

(10%  Ga) 

367-485 

8.91  x  10"6 

' AGG-I-6 

74-197 

7.45  x  10"6 

(34%  Ga) 

390-508 

9.08  x  10"6 

YAGG -S- 10 

74-197 

7.48  x  10"6 

(100%  Ga) 

319-461 

9.33  x  JO-6 

66 


Mi 


.-t-V.  v  *i  ~  r-vB.  "  . . 


Microhardness  measurements  ware  made  using  a  Riahle  Kantron  Microhardnass 
Tastar  with  a  Knoop  diamond  indantar.  Both  50  and  100  gram  loads  ware  tried. 

All  indentations  were  made  on  (111)  surfaces  in  araas  midway  between  the  core 
and  the  outside  diameter  of  the  crystals.  No  definitive  values  of  hardness  ware 
obtained  due  to  a  combination  of  the  hardness  and  brittleness  of  the  samples. 
With  the  lighter,  50  gram  load,  the  indentation  was  not  sufficient  to  give  any 
degree  of  accuracy  to  the  measurement,  and  the  scatter  was  considerable.  Under 
a  100  gram  load,  most  of  the  samples  cracked,  again  reducing  the  accuracy.  From 
a  number  of  different  samples  tested,  however,  there  appeared  to  be  no  serious 
degradation  in  the  microhardness  caused  by  the  substitution  of  gallium  in  YAG. 

Unit  cell  size  was  determined  by  x-ray  precision  lattice  parameter  measure¬ 
ments.  The  lattice  parameter  varies  linearly  with  composition  between  the 
extremes  of  12.005  A  for  YAjfcG  to  12.227  A  for  YGaG. 


The  refractive  index  vs  wavelength  was  measured  on  three  samples  by  the 
method  of  minimum  deviation.  Some  traces  of  striations  were  seen  in  the  mixed 

o 

crystal  prism.  Wavelength  accuracy  is  ±  30  A,  and  the  indexes  are  considered 
accurate  to  within  ±  0.001.  The  results  are  given  in  Table  VI,  If  we  plot 
the  index  at  1.0867  pm  vs  composition  and  connect  the  end  points  n(YA£G)  and 
n  (YGaG)  by  a  straight  line,  the  point  for  n(YAXQ  gGaQ  jG)  lies  very  near  and 
slightly  below  the  line. 

The  results  of  the  physical  measurements  indicate  that  the  most  serious 
alterations  in  properties  came  with  the  initial  introduction  of  small  amounts 
of  gallium,  and  that  additional,  larger  amounts  have  a  less  pronounced  effect. 
The  properties  apparently  do  not  degrade  to  any  degree  that  would  seriously 
impair  the  mixed  garnet  as  a  good  laser  material. 


TABLE  VI 


REFRACTIVE  INDEX 


US) 

n(YAXG) 

AlX&So.jfiSojS) 

n(YGaG) 

3962 

1.860 

1.872 

1.987 

4970 

1.842 

1.853 

1.955 

5954 

1.832 

1.842 

1.940 

6961 

1.826 

1.835 

1.931 

7980 

1.822 

1.830 

1.924 

8952 

1.819 

1.828 

1.921 

9876 

1.817 

1 . 825 

1.918 

10867 

1.815 

1.823 

1.916 
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SECTION  VI 


LASER  TESTING 


A.  Introduction 

Laser  tests  were  carried  out  to  (1)  establish  an  increase  in  the  saturation 
level  of  the  Q-switched  output,  and  (2)  evaluate  the  quality  of  the  material 
obtained.  The  effect  of  fundamental  physical  quantities  such  as  thermal  diffu- 
sivity,  temperature  gradient  of  the  index  of  refraction  and  thermally  induced 
birefringence  via  the  stress-optic  effe:t  all  influence  Q-switched  laser  performance 
and  may  determine  the  average  power  output.  Manufactured  quality  of  the  material, 
such  as  optical  path  uniformity  and  inclusions,  in  turn,  may  limit  the  peak 
output  energy  available. 

Because  of  extremely  poor  optical  quality  of  the  material,  the  evaluation 
of  these  laser  parameters  was  unsuccessful  for  the  six  rods  fabricated  from 
three  different  boules  of  material.  YA*,G:Nd  begins  to  show  saturation  effects 
at  20  J  input  and  an  output  of  100  mJ,  and  saturation  is  estimated  at  150  mJ 
output  at  40  J  input.  The  best  mixed  crystal  results  show  a  threshold  of  20  J 
and  no  saturation  effects  at  an  input  of  80  J ,  but  the  output  is  still  only 
200  mJ.  The  low  slope  efficiency  and  high  threshold  result  directly  from  poor 
optical  quality. 

The  saturation  effect  is  discussed  only  in  relation  to  Q-switched  laser 
operation,  although  it  should  be  observable  in  the  luminescences.  The  mechanism 
is  that  randomly  directed  photons  are  amplified  by  the  gain  medium  and  there¬ 
fore  reduce  the  population  inversion.  An  increase  in  the  pump  level  increases 
the  gain,  and  this  in  turn  causes  a  more  severe  reduction  of  the  inversion. 

In  addition,  more  photons  at  the  laser  transition  are  present  from  the  pump  source. 
The  other  sources  of  photons  are  spontaneous  emission  in  the  laser  medium  and 
amplified  radiation  returned  by  one  of  the  laser  resonator  mirrors  and  the 
highly  reflective  pump  cavity.  The  level  at  which  saturation  occurs  may  be 

raised  by  eliminating  as  much  of  this  random  radiation  as  possible.  In  practice, 

] 3 

the  laser  rod  surrounded  by  an  absorber  at  the  laser  wavelength.  The 
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ends  of  the  rod  must  be  left  clear,  of  course,  so  that  two  of  the  four  sources 
of  radiation  that  deplete  the  population  inversion  are  left.  The  other  way  to 
increase  the  saturation  level  is  to  reduce  the  gain  of  the  laser  medium. 

From  this  brief  qualitative  description  of  saturation  it  is  clear  that 
the  quantitative  results  are  dependent  on  the  geometry  of  the  pump  cavity 
and  the  laser  resonator  and  on  the  input  level  to  the  pump  and  hence  threshold 
and  slope  efficiency  of  the  laser  material.  The  value  of  the  saturated  output 
is  therefore  only  a  relative  quantity.  Reports  in  the  literature  show  it  to 
be  as  low  as  75  mj  for  YA£G:Nd,lZ+  although  lasers  with  similarly  sized  YA£G  rods  are 
run  routinely  at  outputs  of  26  mJ  without  showing  saturation  effects.'^  The 
level  appears  to  be  Q-switch  dependent.  Lasers  with  electro-optical  Q-switches 
exhibit  the  saturation  effects  in  the  range  of  100  to  200  mj,  but  with  acousto¬ 
optic  0-switches,  outputs  beyond  300  mj  have  been  obtained,  at  which  point  saturation 
may  become  obscured  by  a  decrease  in  pump  efficiency  of  the  krypton  flash  lamp 
because  of  the  spectral  shift  in  its  output  at  high  drive  levels. 

Another  effect  that  obscures  measurement  of  the  saturation  level  is  in¬ 
adequate  stand-off  by  the  Q-switch.  Long  pulse  lasing  action  takes  place  even 
though  the  Q-switch  is  in  the  high  loss  state.  The  output  is  now  a  mixture  of 
a  Q-switched  ou,se  preceded  by  the  low-peak-intensity,  but  long-duration,  long- 
pulse  output.  The  effect  is  difficult  to  observe  during  operation,  but  it 
results  in  a  linear  input-output  curve,  since  the  energy  measuring  device 
responds  to  the  total  output.  The  presence  of  the  effect  is  indicated  by  laser 
output  at  high  input  energies  while  the  Q-switch  is  kept  in  a  high  loss  state. 

The  stand-off  problem  occurs  with  electro-optic  Q-switches.  It  is  dependent  on 
their  alignment  and  on  the  applied  retardation  voltage,  botn  of  which  are 
adjusted  for  maximum  stand-off.  The  stand-off  for  acousto-optic  Q-switches  is 
much  higher  and  is  not  a  problem.  They  suffer,  instead,  from  a  multiple 
output  pulse  at  high  energies.  If  saturation  has  not  set  in  at  this  point, 
it  cannot  be  measured  with  these  Q-switches. 
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The  optical  quality  of  the  laser  material  will  determine  the  maximum  power 
output  of  the  laser.  The  factors  separate  into  two  classes:  the  fundamental 
physical  constants  of  the  material  and  the  manufacturing  defects. 

The  physical  constants  of  importance  are  related  to  the  thermal  behavior 
of  the  laser  rod.  The  ultimate  power  loading  is  determined  by  the  rod  fracture 
due  to  thermally  induced  stress.  The  magnitude  of  the  temperature  profile  of 
the  laser  rod  is  determined  by  the  thermal  conductivity.  The  thermally  induced 
focal  length  depends  on  the  temperature  gradient  of  the  index  of  refraction 
and  on  the  average  stress  -  optic  coefficient.'^  The  anisotropy  of  the  stress- 
optic  components  determines  the  thermally  induced  birefringence.'^  This  quantity 
is  difficult  to  correct  for  in  the  resonator  and  leads  to  poor  beam  divergence  and 
poor  performance  with  a  conventional  electro-optic  Q-switch.  A  special  design 
has  to  be  used  to  retain  both  components  of  linear  polarization  in  the  resonator. 

The  manufacturing  defect  that  limits  the  average  peak  energy  in  the  laser 
is  inrlusions.  In  the  mixed  crystal  material  the  inclusion  is  iridium.  The 
inclusion  is  a  site  at  which  fractures  occur,  growing  in  size  u.itil  catastrophic 
damage  occurs.  Catastrophic  damage  was  observed  in  one  of  the  manufactured  laser 
rods,  and  a  number  of  small  damage  sites  were  also  found  in  this  and  another  rod 
from  the  same  boule. 

The  existence  of  color  centers  in  the  material  leads  to  solarization  of 
the  rod  jm  the  UV  output  from  the  flashlamp.  Filtration  of  the  light  can 
eliminate  this  problem  which  was  observed  in  the  mixed  crystal  material. 

Static  optical  quality  is  the  Tinal  factor  that  determines  laser  performance. 
The  evaluation  is  made  from  Twyman-Green  interferometer  fringe  counts  on  the 
fabricated  laser  rods.  Genera ly,  a  dozen  fringes  can  be  seen  for  the  two-inch 


long  rods.  The  fringes  are  not  straight  and  occasionally  show  abrupt  shifts. 
Although  this  evaluation  is  subjective,  it  proved  to  be  the  overriding  factor 
that  prevented  an  evaluation  of  most  of  the  laser-related  parameters. 

B .  Simple  Theory 

The  equations  derived  from  simple  theory  are  presented  here.  They  are 
used  later  to  plot  the  data  and  to  pinpoint  problems  with  the  material. 

The  experimental  results  are  obtained  as  an  output  energy  vs  input  energy 
curve.  Simple  theory  preducts  this  curve  to  be  straight  line. 

Eo  '  (To/Ti>  <Ei  -  Et>-  (2°) 

where  Eq  is  the  output  energy,  E.  the  input  energy,  E^  the  threshold  input  energy 
beyond  which  lasing  occurs,  Tq  the  output  pulse  length,  T.  the  input  pulse  length, 
and  the  slope  efficiency.  The  formula  is  really  derived  in  terms  of  power 
P,  which  is  approximated  as  P  =  Et.  The  slope  efficiency,  in  turn,  is 

as  »  2T]  (1  -  R)/  (1  +  R)  (L  -  AnR),  (21) 

where  R  is  the  output  mirror  reflectivity,  and  L  is  the  total  roundtrip  loss 
in  the  resonator  excluding  the  output.  The  quantity  ’ll  is  an  efficiency  factor 
which  converts  the  electrical  input  to  the  flashlamp  into  the  pump  rate  into 
the  upper  laser  level,  viz., 

(cm"3  sec"1)  =  T]  P.  (watts)/hv  ( J)  V(cm3).  (22) 

The  energy  of  the  absorbed  photon  hv  and  the  lasing  volume  V  convert  the  rate 
R2  into  a  power. 
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The  threshold  power  is 


Et/Ti  =  A  ’  rs  (L  -  jtn  R) /2T|  ,  (23) 

where  A  is  the  cross-sectional  area  of  the  lasing  volume.  The  saturation  factor 

I  is 
s 

2 

I  =  hv  /a  •  t?  (watts/cm  )  .  (24) 

This  formula  contains  the  laser  frequency  the  cross  section  and  the  upper 
level  spontaneous  decay  time 

The  quantity  that  can  be  changed  in  a  series  of  measurements  is  R.  Equation 

(23)  thus  provides  a  curve  of  vs  (-£n  R)  from  which  the  roundtrip  loss  L 

may  be  evaluated.  The  value  of  L  and  the  measured  values  of  cr  can  then  be  used 

s 

to  evaluate  the  efficiency  T]  by  use  of  Equation  (21). 

Evaluations  of  the  parameters  in  these  equations  beyond  this  point  become 
uncertain  and  do  not  generally  show  consistency.  For  example,  (24)  can  be  used 
to  evaluate  the  cross  section  which  does  net  generally  correspond  to  the 
spectroscopic  value.  The  loss  factor  L  and  efficiency  T)  can  be  determined  from 
the  data  as(R)  and  Equation  (21).  This  value  of  L  differs  from  that  obtained 
from  Equation  (23) . 

These  equations  have  been  used  with  long-pulse  laser  results.  Values  of 
L  =  0.24  to  0.80  have  been  found  with  the  mixed  crystal  material.  The  value  of 
T]  is  about  0.01.  The  input-output  curves  are  not  linear,  so  that  the  assumptions 
underlying  the  equations  are  not  well  satisfied. 

These  equations  show  the  following  well-known  properties  of  lasers.  A 
high  loss,  L,  causes  a  high  threshold  and  a  low  slope  efficiency,  o  .  A  low 
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conversion  efficiency,  71,  has  similar  results.  A  low  value  of  7]  may  be  caused 
by  a  low  Nd  concentration,  a  poor  spectral  match  between  flashlamp  and  Nd 
absorption,  or  poor  optical  transfer  from  lamp  to  rod.  If  only  part  of  the  rod 
shows  laser  action,  then  Equation  (22)  shows  that  7]  is  small  and  the  ratio 
T|/V  is  constant.  The  result  is  that  the  threshold  is  not  affected  since  A/T  is 
constant.  The  slope  efficiency  is  less  than  if  the  whole  rod  lases  over  its 
whole  cross  section. 

Lasing  action  over  part  of  the  rod  cross  section  has  been  encountered 
with  the  mixed  crystal  material.  The  cause  is  believed  to  be  the  severe  optical 
path  distortion  indicated  by  the  Twyman-Green  interferometer. 

C .  Pump  Cavity  and  Instrumentation 

All  the  laser  rods  fabricated  during  this  program  were  approximately 
2  inches  long.  The  pump  cavity  was  therefore  made  2  inches  long.  The  cavity  was 
elliptical  with  the  major  axis  0.825  inch  and  the  minor  axis  0.667  inch.  The 
lamp  and  rod  were  placed  on  the  major  axis  symmetrically  with  respect  to  the 
center  and  with  a  center-to-center  spacing  cf  0.406  inch.  This  geometry  had 
been  determined  previously  to  be  optimum  for  3  inch  long  YAjg. G : Nd  laser  rods 
of  5  to  6  mm  diameter.  Flashlomps  with  2  inch  arc  length  and  3  mm  bore  diameter 
were  used.  Since  an  ellipse  does  not  have  unity  optical  magnification,  better 
efficiency  is  obtained  with  a  lamp  bore  of  smaller  size  than  the  laser  rod 
diameter.  The  cavity  was  polished  and  silver  plated.  Flat  reflectors,  also 
silver  plated,  were  used  at  the  ends.  Cooling  was  done  with  distilled  water 
flooding  the  whole  pump  cavity. 

The  flashlamps  were  standard  ILC  units  filled  to  1500  Torr  with  krypton. 

1 8 

They  were  excited  by  a  single  mesh  pulse-forming  network  with  a  time  constant 
of  55  4sec.  This  value  was  found  to  be  an  optimum  for  YA£G:Nd.  The  power  supply 
was  capable  of  delivering  80  J  into  the  flashlamp.  Under  these  conditions,  the 
maximum  current  limit  into  the  flashlamp  is  exceeded  by  a  factor  of  2  to  4. 
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Lamp  lifetime  is  very  short,  a  few  hundred  to  a  thousand  shots.  Since  third 
wire  triggering  becomes  difficult  and  erratic  after  a  few  dozen  shots,  a  series 
trigger  was  used. 

The  pulse  energy  was  measured  with  an  EEG  radiometer  model  580  with  a 
narrow  beam  adaptor.  The  instrument  is  used  in  the  current  mode  and  is 
calibrated  with  a  TRG  model  100  ballistic  thermopils.  At  pulse  repetition 
rates  betow  5  per  second,  the  radiometer  does  not  provide  sufficient  damping, 
and  the  thermopile  is  used.  Data  were  taken  at  10  pps  and  at  1  pps. 

D.  Resonators  and  Q-Switches 

For  long-pulse  operation  a  pair  of  flat  miTors  was  used  with  a  resonator 
length  of  8.5  inch.  Repetition  rates  of  10  pps  were  used.  Due  to  the  static 
optical  distortion  of  the  mixed  crystal  rods  the  alignment  of  the  resonator 
proved  to  be  very  difficult.  The  resonators  were  mounted  on  an  Ealing  lathe  bed 
optical  bench,  and  Lansing  mirror  mounts  with  differential  screw  adjustments 
were  used.  High  quality  laser  mirrors  from  Perkin-Elmer  were  used. 

The  first  two  rods,  fabricated  from  boule  #23,  were  operated  with  an  acousto¬ 
optic  Q-switch.  The  resonator,  shown  in  Figure  26(a),  has  an  overall  length  of 
28  inches.  The  0-switch  has  a  6  mm  active  aperture  and  is  driven  with  a  100 
MHz,  2  nsec  long  pulse,  from  an  Arenberg  model  PG  650  C.  Two  Porro  prisms 
are  used  as  the  mirrors  in  this  laser. 

The  other  four  rods  were  operated  with  an  electro-optic  Q-switch.  The 
unit  has  a  3/8  inch  diameter  aperture,  is  made  from  KD'P,  and  has  a  window  which 
retains  the  index  matching  fluid.  A  Gian  air  spaced  polarizer  is  attached.  An 
optimum  resonator  with  the  mixed  crystal  laser  rods  is  formed  with  a  high 
reflectivity  1.5  m  radius  mirror  and  a  flat  35  to  40%  reflectivity  output  mirror. 
Resonator  length  is  42  cm.  Stand-off  for  this  unit  was  fair.  Long-pulse  operation 
begins  to  appear  at  40  J  input  to  YAXG:Nd  when  the  switch  is  in  the  high  loss  state. 
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Figure  26(a)  Acousto-Optic  Q-Switch  and  Resonator 


Figure  26(b)  Electro-Optic  Q-Switch  and  Resonator 


The  insertion  loss  of  the  Q-switch  and  polarizer  combination  is  very  low, 
estimated  to  i'e  less  than  3%. 

E.  YAlG:Nd  Operation 

Input-output  curves  for  Q-switched  operation  of  YAjfcG  :Nd  are  presented  in 
this  section.  The  resonators  are  as  described  previously.  The  YA£P  rods  were 
1/4  inch  in  diameter  and  2  3/8  to  3  inches  long.  Only  the  2  inch  length  inside 

the  flashlamp  cavity  is  pumped.  These  results  can  then  be  compared  with  the 

mixed  crystal  runs  described  in  the  next  section. 

t-igure  27  shows  results  at  low  input  energies  for  long  pulse  operation. 

AO  Q.-switch  operation  and  EO  Q-switch  operation  were  obtained  with  two  flat  mirrors 
and  a  57  cm  resonator  length.  Optimum  mirror  reflectivity  for  EO  Q-switching 
is  0.3  to  0.4.  The  data  show  a  Q-switched  threshold  of  3  J.  Slope  efficiency 
for  AO  operation  is  1.75%  and  for  EO  operation  it  is  20%,  These  results  were 
obtained  at  10  pps. 

Figure  28  shows  the  high  input  energy  results  with  a  resonator  optimized 
for  the  mixed  crystal  rods.  This  resonator  with  EO  Q-switch  is  described  in  the 
previous  section,  and  data  are  taken  at  1  pps  to  eliminate  average  thermal  effects. 
The  YA£G  rod  is  5  mm  in  diameter.  Slope  efficiency  is  1%,  and  threshold  is 

extrapolated  to  be  5  J.  The  saturation  limit  is  estimated  to  be  160  mj.  Although 

higher  output  energies  are  shown  in  the  figure,  they  are  a  result  of  combined 
long  pulse  and  Q-switcbed  energies.  This  has  been  verified  separately  and  can 
be  deduced  from  the  erratic  behavior  of  the  high  output  end  of  the  curve.  The 
smooth  lower  part  of  the  curve  is  extrapolated  to  give  the  saturation  value. 
Saturation  effects  are  also  apparent  in  Figure  27  at  these  output  energies.  The 
Q-switched  curve  begins  to  fall  below  the  long  pulse  output.  The  saturation 
shown  in  Figure  28  may  in  part  also  be  the  result  of  spectral  shifts  in  the  flash- 
lamp  output. 

In  view  of  the  mixed  crystal  results,  no  additional  effort  was  spent  on 
YA£G  laser  behavior. 
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Figure  27  Long  Pulse  and  Q-Switched  Performance 
of  YAXG:Nd  in  Experimental  Resonator 
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Figure  28  High  Input  Energy  Q-Switched  Performance  of  YAG 


^ •  Twyman-Green  Interferoqrams 


Inte rferograms  of  the  six  laser  rods  fabricated  are  shown  in  Figure  29. 
The  photographs  were  taken  with  He-Ne  laser  light.  Two  of  the  rods.  23-1  and 
23-2,  were  fabricated  to  6.3  mm  diameter,  the  others  to  5  me  diameter.  All 
the  rods  are  2  inches  long,  except  47-A,  which  is  1.9  inches  long. 


The  faces  of  the  rods  are  flat  to  one  or  two  fringes  or  better  in  the  center 
Generally,  the  surface  quality  of  the  AR-coated  faces  is  not  as  good  as  that  of 
commercially  available  VA£G.  A  number  of  pits  and  coating  blemishes  can  usually 
ae  seen.  The  rods  also  contain  inclusion,  that  can  be  seen  with  a  microscope. 

Figure  30  shows  rod  23-I  positioned  between  crossed  polarizers.  The 

speckled  radiation  pattern  is  due  to  part  of  the  boule  core  that  was  included 

in  the  side.  Rod  23-2  is  similar.  The  other  rods  were  therefore  fabricated 
to  5  mm  diameter. 


All  the  rods  show  a  spherical  to  elliptical  distortion  with  5  to  10  fringes 

In  addition,  23-2,  2*5-6,  and  perhaps  65-B  she*  abrupt  path  differences  across 
the  central  aperture  of  the  rod. 

G.  Nd  Concentration 

The  concentration  of  Nd  affects  laser  performance  directly  through  the 
factor  T|  in  the  equations. 

The  concentration  in  the  top  of  boule  23  was  compared  with  the  concentration 
in  a  piece  of  a  commercial  YAfGlNd  laser  rod.  The  YAtG  contained  nominally 
0.9  at.*  of  Nd.  The  integrated  absorption  from  7760  to  8360  i  was  compared.  The 
ratio  of  the  Nd  concentrations  is  N (YAG)/N (YGG)  =  1.5.  The  Nd  concentration  in 
subsequent  boules  was  increased.  A  comparison  between  material  from  boule  62 
and  a  commercially  obtained  boule  showed  N(YAG)/N(YGG)  =  1.04. 


30 


Figure  .>0  #23-1  Viewed  through  Crossed  Polaroids 
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H.  Long-Pulse  Measurements 


Long-pulse  input-output  curves  were  obtained  with  rod  23-1  in  order  to 
estimate  the  losses.  Typical  data  are  shown  in  Figure  31. 

A  plot  of  mirror  reflectivity  vs  threshold  energy  is  shown  in  Figure  32. 
Extrapolation  of  this  curve  indicates  a  roundtrip  loss  of  80%.  Such  a  large 
loss  term,  along  with  the  lack  of  straight  lines  in  Figures  30  and  31,  shows 
that  the  approximations  in  the  laser  equations  are  not  well  satisfied.  This 
is  borne  out  by  the  lack  of  self  consistency  of  the  data.  Figure  33  shows 
a  plot  of  aj 2n  vs  R.  An  optimum  fit  is  obtained  for  T)  =  1%  and  L  =  24%  using 
Equation  (21  is  varied  and  T|  is  calculated  for  each  measured  slope  efficiency. 

The  best  fit  is  that  value  for  L  for  which  the  standard  deviation  of  the  calculated 
values  is  a  minimum.  If  the  loss  factor  L  is  taken  to  be  80%,  a  value  of 
T  of  2%  is  calculated. 


The  cross  section  a  may  be  calculated  from  Equation  (24).  The  value  of  I 
is  obtained  from  Equation  (23).  It  is  the  slope  of  the  curve  in  Figure  32. 

The  value  of  a  obtained  this  way  is  2  to  5  x  10-1^  cm2. 

Although  quantitatively  not  very  satisfactory,  these  tests  show  the  results 
of  the  poor  optical  quality  of  the  material  as  exhibited  by  the  Twyman-Green 
interferograms.  During  tests,  the  rod  showed  a  general  darkening,  i.e.,  a 
solarization.  No  further  long  pulse  data  were  taken  so  as  to  avoid  this  deter¬ 
ioration  before  Q-switching  was  tried.  The  darkening  can  be  annealed  out  of  the 
material  in  15  minutes  at  360°C. 


^-Switched  Measurements 


Rods  23-1  and  23-2  were  operated  in  the  acousto-optic  resonator.  The  results 
are  shown  in  Figure  34.  A  comparison  curve  for  YA£G:Nd  is  included. 


(mJ) 


LOSSES  vs.  THRESHOLD  (#23-1) 


Figure  32  Known  Mirror  Losses  vs  the  Observed  Threshold  Energies 
A  straight-line  fit  to  the  points  extrapolates  to  a 
loss  of  80%. 


R 

SLOPE  EFFICIENCY  vs.  R 


igure  33  Calculated  Values  (Solid  Lines)  of  o  /21)  vs  R  for  Various 

i“a  Points  "e  p'°tted  for  the  best 


86 


The  curves  show  the  expected  behavior:  high  threshold  and  low  slope  effi¬ 
ciency.  This  is  because  of  the  high  optical  losses  and  the  low  Nd  concentration. 
The  data  are  taken  at  10  pps.  Rod  23-1  shows  what  appears  to  be  thermally 
induced  distortion  and  consequent  increased  losses  at  22  J  input.  Beyond  34  J 
input  the  rods  begin  to  post-pulse  and  no  meaningful  data  can  be  extracted  beyond 
this  point  with  the  AO  Q-switch.  From  the  trend  of  the  curves,  no  significant 
saturation  effects  would  have  been  observable  at  80  J  input,  the  power  supply 
limit.  After  100,000  shots,  post-pulsing  set  in  at  25  J  input.  Threshold  was 
17  to  18  J,  compared  to  3  J  for  YA£G.  Slope  efficiency  was  0.4%,  compared  to 
1.7%  for  YA£G. 

The  next  rods  were  run  with  an  electro-optic  Q-switch  to  avoid  the  post¬ 
pulsing  problem.  During  the  initial  stages  of  c.0  Q-switching  a  60  cm  resonator 
with  two  flat  mirrors  was  used.  Very  poor  results  were  obtained  with  rod  45-B. 

The  resonator  was  therefore  changed  to  increase  the  output.  The  problem  with 
rod  45-B  was  that  lasing  action  tended  to  be  confined  to  a  central  strip  of  the 
cross  section  of  the  rod,  which  results  in  a  low  slope  efficiency.  Long  pulse 
data  are  shewn  in  Figure  35.  The  area  that  takes  part  in  the  laser  action 
changes  with  input  power,  so  the  results  are  difficult  to  interpret.  The  resonator 
was  therefore  changed  to  its  final  configuration.  During  the  course  of  these 
changes,  the  rod  sustained  optical  damage.  Near  one  end  a  large  "bubble" 
appeared,  and  a  number  of  smaller  damage  centers  are  visible  near  the  center  of 
the  rod.  Damage  appears  to  nucleate  at  inclusions  deposited  along  the  growth 
interface  of  the  boule.  During  resonator  optimization,  outputs  of  131  mJ  at 
50  J  input  and  96  mJ  out  at  38  J  input  were  obtained. 

Rod  23-3  was  run  next.  Data  were  taken  with  the  resonator  configuration 
described  in  Section  VI. D  at  1  pps.  The  results  are  presented  in  Figure  36. 

Best  results  were  obtained  with  a  40  J  PFN.  Saturation  appears  to  limit  the 
output  to  210  mJ.  The  entire  cross  section  of  the  rod  yields  output  during 
the  Q-switching.  Threshold  was  10.7  J,  and  initial  slope  efficiency  was  1%. 
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FLAT  60% 


se  Operation  of  45-B  Before  Rod  Damage  Occurred 


Figure  36  Saturation  in  Rod  23-3 
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Since  this  boule  contains  only  a  10%  Ga  admixture,  only  a  moderate  increase 
in  saturation  is  expected. 

Rod  47-A  was  run  next.  The  results  are  shown  in  Figure  37.  Operation  was 
very  poor.  Again,  only  a  small  part  of  the  rod  was  active  in  the  Q-switch  process. 
No  useful  data  could  be  extracted. 

Finally,  rod  45-C  was  run.  To  avoid  the  solar ization  process,  the  rod 
was  surrounded  by  a  nonex  glass  tube  to  filter  out  the  ultraviolet.  The 
results  are  presented  in  Figure  38.  No  saturation  effects  are  seen  at  80  J 
PFN.  The  voltage  limit  of  the  power  supply  is  reached  here  with  the  3  mm  x  .1  inch 
lamp  and  the  55  psec  PFN  time  constant.  Threshold  is  18.3  J.  Slope  efficiency 
is  0.5%.  Again,  only  part  of  cross  section  of  the  rod  is  active  during  Q-switched 
operation.  Near-field  burn  patterns  at  170  mJ  output  are  shown  in  Figure  39. 

At  the  conclusion  of  the  tests,  some  internal  damage  is  visible  in  the  rod. 

It  seems  similar  to  that  in  rod  45-B  and  appears  at  small  inclusions  near  the 
middle  of  the  rod.  To  avoid  the  damage  as  much  as  possible,  only  100  to  200 
shots  were  fired  with  rod  45-C.  All  data  were  taken  at  1  pps. 

J.  Conclusions 

A  slight  increase  in  saturation  has  been  observed  with  a  107-  Ga  admixture. 

Saturation  could  not  be  reached  with  the  40%  Ga  admixture  material  due 
to  poor  optical  quality.  The  low  slope  efficiency  would  require  inputs  to  the 
flashlamp  of  the  order  of  160  J  to  reach  the  expected  saturation  level. 

The  poor  optical  quality  is  evidenced  first  as  a  high  lasing  threshold. 

Its  second  manifestation  is  that  only  part  of  the  cross  section  of  the  rod 
is  active  du. 1 nq  lasing.  This  reduces  the  slope  efficiency. 
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YGG  -47A 


Figure  37  Rod  47-A  Q-Switched  Operation 
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Inclusions  result  in  optical  damage  to  the  rods  at  output  energies  of  150 
to  200  in J .  Energy  densities  are  difficult  to  estimate  at  this  time. 

Color  centers  that  lend  to  solarization  are  present.  Solarization  may 

19 

be  prevented  by  appropriate  UV  filtering. 
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SECTION  VI T 


SUMMARY  AND  CONCLUSIONS 


Optical  spectroscopic  measurement  showed  that  a  decrease  in  peak  cross 
section  of  the  laser  line  by  a  factor  of  three  with  respect  to  YA£G:Nd  is 
possible  in  the  YA£G-YGaG  mixed  crystal  system.  A  greater  decrease  would  have 
been  possible  had  the  details  of  the  dependence  of  Nd^+  energy  level  posit. ons 
on  composition  been  different.  Thus,  there  may  be  other  mixed  crystal  systems 
in  which  a  larger  decrease  could  be  realized.  The  minimum  in  peak  cross 
section  as  a  function  of  composition  is  shallow,  any  composition  near  mid-range 
(40%  to  70%  Ga)  being  satisfactory. 

The  Nd^+  ion  site  distribution  in  the  mixed  crystal  system  was  studied, 

and  two  types  of  Nd-Ga  clustering  were  determined  by  electron  paramagnetic 

resonance  spectroscopy.  The  effect  of  inhomogeneous  broadening  on  spectral 

diffusion  of  excitation  across  the  line  was  determined.  The  lifetime  of  the 

4 

F3/2  initial  state  was  found  to  vary  only  within  narrow  limits  as  a  function 
of  Ga  content  and  to  depend  on  Nd  concentration  in  much  the  same  fashion 
as  in  YA£G. 

Distribution  coefficients  for  Nd  and  Ga  in  the  mixed  crystal  were  determined, 
and  system  phase  diagrams  were  established.  Thermal  conductivity  was  found  to 
decrease  with  increasing  Ga  content,  the  decrease  being  35%  (with  respect  to 
YA£G)  at  40%  Ga.  Thermal  expansion,  unit  cell  size,  microhardness,  and  refractive 
index  were  also  determined  as  a  function  of  composition. 

Six  laser  rods  from  three  mixed  crystal  boules  were  tested  under  Q-switched 
conditions.  Because  of  the  poor  optical  quality  of  the  material  no  definitive 
comparison  of  intrinsic  characteristics  could  be  made  with  those  of  YA^G.  The 
low  slope  efficiency  and  high  thresholds  observed  with  the  mixed  crystal  rods 
result  directly  from  the  poor  optical  quality.  Iridium  inclusions  were  observed 
to  act  as  nucleation  centers  for  optical  damage.  Twyman-Green  interferograms 
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reveal  severe  distortions  in  optical  path  through  the  material.  The  distortions 
arise  from  strain  that  may  be  associated  with  the  core  of  the  boule  cr  that  may 
be  due  in  part  to  compositional  inhomogeneities.  Sol arization  of  the  rods  by 
the  pump  lamp  wa;  also  observed.  Six  rods  (2  inches  long,  1/4  inch  in  diameter) 
were  delivered. 

In  conclusion,  although  the  mixed  crystal  material  has  potential  advantages, 
it  is  not  possible  to  realize  this  potential  because  of  the  difficulty  of  growing 
crystals  of  high  optical  quality.  The  difficulty  is  due  to  the  volatility  of 
gallia  at  the  high  growth  temperatures  and  the  sensitivity  of  composition  to 
temperature  fluctuations.  While  these  problems  might  eventually  be  ameliorated 
somewhat  in  a  research  program  of  longer  duration,  it  is  possible  that  they  could 
be  circumvented  entirely  by  choice  of  another  mixed  crystal  system. 
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